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Medotopes by Squibb—- 
Radioactive Pharmaceuticals for diagnosis and therapy 


IODOTOPE DIAGNOSTIC 
Thyroid g! 


ALBUMOTOPE 

Blood and plasma volumes; 
circulation times, cardiac 
output 


CHROMITOPE SODIUM 
Tagging red blood cells 
for volume, survival, 
gastrointestinal bleeding 


OLEOTOPE 

Fatty acid absorption studies 
TRIOLEOTOPE 

Fat absorption and 
pancreatic function 

studies. 


RADIO-CHOLOGRAFIN 
GAYT-Tam i hilondlelimmelieleye| 
circulation studies 
ROBENGATOPE 

Liver function 


liaaalela 4 
Kidney function, 
circulation time 


Medotopes cover an extensive range of 
diagnostic and therapeutic procedures, 
each reflecting the latest developments in 
radioactive medicine. All Medotopes con- 
vey, as well, the utmost in safety and con- 
venience. All feature unique packaging 
safeguards: exclusive lead shield en- 
closures for easy opening —no direct 
contact is required; bottle caps unscrew 
automatically; shipping cartons have 
“pull-tab” openers; vials and bottles are 
carefully encased and then doubly pro- 
tected by transparent, shatterproof plastic 
coatings. Each preparation is custom- 
handled. Delivery is custom-routed by 
Squibb Traffic Service. Access to three 
major airports expedites this service. 

Diagnostic Medotopes, in addition to 
those illustrated, are: Chromitope Chlor- 
ide * Ferrutope * Phosphotope ¢ Rubra- 
tope 58 and 60 * Cobatope 58 and 60 
Tritiotope * Therapeutic Medotopes are: 


Aureotope * Chromphosphotope ¢« Iodo- 
tope * Iriditope * Phosphotope. 


For full information, communicate with 
E. R. Squibb & Sons, Professional Service 
Department, 745 Fifth Avenue, New York 
22, New York. 
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clinical experience continues to corroborate 


the range and efficacy of 


®CYTOXAN @ 


Cyclop is phamid lead Johnson 


CYTOTOXIC AGENT for palliative chemotherapy 


of certain types of malignant neoplasms 


Cytoxan demonstrated therapeutic advantage over other agents in 
a recent 12-month study* of 130 patients, most of whom were refrac- 
tory to previous treatment: 
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Lymphoma 34 | § 23 9 


Hodgkin's Disease 
Lymphosarcoma 
Multiple Myeloma 

4 Reticulum Cell Disease 


"Leukemia 


Ch ronic Lymphatic Leukemia 


“Acute Monoblastic Leukemia 


Acute Myelobla Astic c Leukemia 


Carcinoma (Breast, 
Lung, and Solid | Tumors) 


Fungoides, Psoriz asis) 
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| Miscellaneous (Mycosis, 
= 


Total | 


*Adapted from Wall, R. L., and Conrad, F. G.* 

Note that the neoplastic disorders most responsive to Cytoxan were lymphosarcoma, mul- 
tiple myeloma, Hodgkin’s disease, and chronic lymphatic leukemia. Occasionally, good 
results were observed in acute monocytic leukemia and carcinoma of the breast. 

Other advantages noted in this study* 

¢ multiple routes of administration, permitting prolonged maintenance therapy « lack 
of latency period for bone marrow depression « failure to produce significant thrombo- 
cytopenia « potential therapeutic effect in diseases usually unresponsive to other mustard 
compounds (e.g., myeloma). 


*Wall, R. L., and Conrad, FE. G.: Arch. Int. Med. 108:456-482, 1961. 





INDICATIONS: Cytoxan is valuable for palliative therapy 
of certain malignant neoplasms, particularly some of those 
arising in the reticuloendothelial and hematopoietic sys- 
tems and certain solid tumors. 

Types of cancer which have proved relatively more sus- 
ceptible or more resistant to Cytoxan therapy may be 
grouped as follows: 

Group I: Neoplasms relatively susceptible to Cytoxan 

Hodgkin’s disease 

Lymphomas: lymphosarcoma; giant follicular lym- 

phoma; reticulum cell sarcoma 

Leukemia: acute; chronic 

Mycosis fungoides 
Group II: Neoplasms relatively resistant to Cytoxan 

Malignant neoplasms of the breast and the ovary* 

Malignant neoplasms of the lung, the gastrointestinal 

tract and the genitourinary system, including the cervix 

and the uterus 

Malignant neoplasms of miscellaneous origin 

Malignant melanomas 
*Malignant tumors of these organs are somewhat more sus- 
ceptible to Cytoxan therapy than are the others included 
in this group. 
DOSAGE: For neoplasms relatively susceptible to Cytoxan 
— Patients with lymphomas and other neoplasms believed 
to be relatively susceptible to Cytoxan therapy are given 
an initial dose of 2 to 3 mg./Kg./day intravenously. White 
blood counts and platelet determinations should be made 
daily or twice weekly and the dosage adjusted accordingly. 
Intravenous infusions should be continued for at least 
6 days unless otherwise indicated. A leukopenia of between 
1500 and 5000 cells per cu. mm. (or lower) may be expected 
between the tenth and fourteenth day. In the presence of 
a leukopenia of less than 2000/cu. mm. Cytoxan should be 
discontinued until the white cell count returns to 2000 to 
5000 (usually within a week). Dosage is subsequently ad- 
justed as indicated by the patient’s objective response and 
the leukocyte count. If the patient is subjectively improved, 
if the size of the tumor has decreased, or if the white cells 
are satisfactorily maintained between 2000 and 5000/cu. 
mm. oral dosage may be instituted equivalent to intra- 
venous dosage. 

Thrombocytopenia is rarely observed on this regimen. 
If platelet counts of less than 100,000/cu. mm. are ob- 
served, the patient should be watched carefully. If plate- 
lets continue to decrease, Cytoxan should be discontinued. 

The patient who has had previous treatment with alkyl- 
ating agents, or x-ray, or is debiliiated may be more sus- 
ceptible to bone marrow depression, and initial Cytoxan 
doses should be more conservative than the above. Such 
patients should have more frequent hematologic evaluation. 
Good medical practice demands access to a reliable hema- 
tologic laboratory when using Cytoxan. 

For neoplasms relatively resistant to Cytoxan — Patients 
with carcinomas and other malignant neoplasms believed to 
be less susceptible to Cytoxan therapy are given a dose of 
4 to 8 mg./Kg./day intravenously. Unless there are indica- 
tions to the contrary, this dose is continued for 6 days, then 
stopped. Leukopenia usually ensues on the tenth to four- 
teenth day after the first dose of Cytoxan. Thrombocyte 
reduction is not common, and platelets may actually in- 
crease. The leukocyte count promptly returns toward nor- 
mal levels in most cases, and as it begins to increase, suffi- 
cient Cytoxan is administered to maintain it near 2000 to 
5000/cu. mm. This may be accomplished by two intravenous 
injections weekly, or by oral administration, or by a com- 
bination of both routes. An oral dosage of 50 to 200 mg. 
daily or an intravenous injection of 5 mg./Kg. twice weekly 
will usually suffice. 

The platelet and leukocyte counts should be followed 
carefully, and the prior treatment history of patients care- 
fully evaluated as delineated above. 

Leukopenia as a guide to adequacy of dosage — The best 
objective measure for dosage seems to be the number of 
circulating white blood cells. This is used as an index of 
the activity of the hematopoietic system, especially the 
bone marrow. The mechanism by which Cytoxan causes 
a reduction in the level of white blood cells is not known, 
but cessation of dosage results in an increase in the level, 
indicating that the hematopoietic system had not been 
permanently affected. When large doses (8 mg./Kg./day 
for 6 days) are given initially, the white cell count falls 
rapidly. Following the cessation of the 6-day course, the 
white cells may continue to decline for as long as 8 days 
and then increase. The reduction of the white cell count 
during Cytoxan therapy and its subsequent increase when 
therapy is discontinued can be repeated in the same patient. 


Maximal reduction in leukocyte count indicates the maxi- 
mal permissible Cytoxan level for therapeutic effect. Leuko- 
penic patients must be watched carefully for evidence of 
infection. 

Total white blood cell and thrombocyte counts should 

be obtained 2 or more times weekly in order to evaluate 
therapy and to adjust dosage. 
SIDE EFFECTS: Although Cytoxan is related to nitrogen 
mustard, it has no vesicant effect on tissue. It does not 
traumatize the vein when injected intravenously, nor does 
it cause any localized tissue reaction following extravasation. 
It may be administered intravenously, intramuscularly, 
intraperitoneally, intrapleurally or directly into the tumor, 
when indicated. It is apparently active by each of these 
routes. 

Nausea and vomiting are common and depend on dose 
and on individual susceptibility. However, many investi- 
gators accept the nausea and vomiting in favor of main- 
taining maximal therapy. The vomiting can be controlled 
with antiemetic agents. 

Alopecia is a frequent side reaction to Cytoxan therapy. 
It has been observed in 28% of the patients studied in this 
country. The incidence is greater with larger doses. The 
loss of hair may first be noted about the 21st day of therapy 
and may proceed to alopecia totalis. This-effect is reversed 
following discontinuance of Cytoxan; during reduced main- 
tenance therapy, hair may reappear. It is essential to ad- 
vise the patient in advance concerning this effect of the 
drug. 

Dizziness of short duration and of minor degree has 
occasionally been reported. 

Leukopenia is an expected effect and can be used as a 
guide to therapy. Thrombocytopenia may occur, especially 
after large doses. The leukocyte or platelet counts of an 
occasional patient may fall precipitously after even small 
doses of Cytoxan, as with all alkylating agents. The drug 
should be discontinued in such patients and reinstituted 
later at lower dosage after satisfactory hematologic recovery 
has occurred. Prior treatment with x-ray or with other 
chemotherapeutic agents frequently causes an earlier or 
exaggerated leukopenia or thrombocytopenia after Cytoxan 
mecication. Only rarely has there been a report of erythro- 
cyte or hemoglobin reduction. 

ADMINISTRATION: Add 5 cc. sterile water (Water for 
Injection, U.S.P.) to 100 mg. of Cytoxan in the sterile vial 
(add 10 cc. to 200 mg. vial). Shake, allow to stand until 
clear, remove with sterile syringe and needle and inject. 

The freshly prepared solution of Cytoxan may be ad- 
ministered intravenously, intramuscularly, intraperitone- 
ally, intrapleurally, or directly into the tumor. The solution 
should be administered promptly after being made but is 
satisfactory for use for three hours after preparation. 

If the patient is receiving a parenteral infusion, the 
Cytoxan solution may be injected into the rubber tubing 
if the solution is glucose or saline. 

No thrombosis or thrombophlebitis has been reported 
from injections of Cytoxan. Extravasation of the drug into 
the subcutaneous tissues does not result in local reactions. 
PRECAUTIONS: Cytoxan should not be given to any 
person with a severe leukopenia, thrombocytopenia, or 
bone marrow infiltrated with malignant cells. It may be 
given with suitable precautions to patients who have had 
recent X-ray treatment, recent treatment with a cytotoxic 
agent, a surgical procedure within 2 to 3 weeks, or debili- 
tated patients. 

AVAILABILITY: Cytoxan is available as follows: 

Cytoxan for Injection, 100 mg., a sterile dry-filled vial 
containing 100 mg. cyclophosphamide and 45 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan for Injection, 200 mg., a sterile dry-filled vial 
containing 200 mg. cyclophosphamide and 90 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan Tablets for oral administration, 50 mg., white, 

round tablets, flecked with blue for. easy identification. 
Packaged, 100 tablets per bottle. 
For a copy of the Cytoxan brochure, or other additional 
information on Cytoxan, communicate directly with the 
Medical Department, Mead Johnson Laboratories, Evans- 
ville 21, Indiana. 
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did you know you can 


MONITOR 


the 


BLOOD STREA 
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continuously/automatigally 


for changes in... 


GLUCOSE 

CREATININE 
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CALCIUM. 
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UREA 
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Extracting as 
little as 6 ml. of 
Blood per hour 


A two-lumen cannula is inserted into the 

blood stream; the inner cannula aspirates 
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eparin into the blood aspirated, with- 
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Write and ward reprints of published papers 


TECHNICON INSTRUMENTS CORP. 


22 RESEARCH PARK « CHAUNCEY, NEW YORK 





YOU CAN VIRTUALLY 
“DESIGN YOUR OWN" 


3586 WITH 
VISUAL 
MONITORING 








DIRECT WRITING SYSTEM 





For the unique advantages of permanent, 
immediately visible inkless recordings in true 
rectangular coordinates—in applications 
ranging from cardiac catheterization and phar- 
macological studies to student physiology 
laboratory work — the wide variety of combi- 
nations and choices offered by Sanborn direct 
writers provides an almost ‘‘custom designed”’ 
system for your particular needs. 


The proven reliability and :implicity of tube 
circuits, in 1- to 8-channel systems with a wide 
choice of interchangeable plug-in preampli- 
fiers, horizontal chart plane and system fre- 
quency response to 100 eps, are offered by the 
widely-used ‘150’ Series. For extended fre- 
quency response, greater compactness and other 
advantages of solid state circuitry in applica- 
tions up to 4 channels, the new “‘964”’ system 
(4 channels) and the new 296T (2 channels) 
combine the most modern electronic design 


COMBINATION 
SYSTEM 


features with simple, economical cabinet pack- 
aging. When the greatest possible versatility in 
5 to 8 channels are required, ‘‘350” Series sys- 
tems provide the maximum performance and 
flexibility of all Sanborn direct writers. Flush 
front recorder has vertical chart plane, and a 
wide choice of interchangeable preamplifiers. 
For portability in 1- and 2-channel systems, 
Models 299, 301, 320, 321 and 322 are com- 
pact, modern, lightweight units designed to 
handle a wide variety of applications. 


For complete information on these systems, 
call your nearest Sanborn Branch Office or 
Service Agency, or write Manager, Research 
Instrument Sales, Medical Division. 


DO 


WHHL 
>j - UU 
MEDICAL J DIVISION 


SANBORN YCOMPANY 
175 Wyman St., Waltham 54, Massachusetts 





Need Laboratory Supplies or Equipment? 


FOR Lnstandts Souce CONTACT 
| 


PYREX BECKMAN AINSWORTH 8a. OPTICAL mces PRECISION SC CO 

coors COLEMAN BECKER AMER, OPTICAL 4. 7. BAKER LAB. FURN CO 

Kimar INT. EQ. CO SARTORIUS ZEISS © LEITZ MALLINCKROOT LABLINE 
BARNSTEAD Lecco OnAUSs BUEHLER GLASS-COL SLUEM 


Porvand ff Cchnat Be tevot worn | 


We invite your consideration of the following items: 


TORSION 2-DIAL BALANCES 


You can speed up your weighings and elimi- 
nate using small, loose weights with the NEW 
2-dial Torsion balances. These new Torsions 
employ oa weight-loading dial and a fine- 
weighing dial; both can be used without 
arresting the balance. 

H-2680 Model DWL-2. Capacity: 120 grams. 
Weight loading dial: 9 gm x 1 gm. Fine 
weighing dial: 1 gm x .01 gm. Accuracy: 
5 mg. 

ee 


(Similar models are also available in 200 and 
500 gram capacity.) 





THERM-O-PLATES 


Here is a brand new series of hot plates. 4 types: standard 
hot plates as well as shaking, magnetic stirring and ex- 
plosion proof models. 11 sizes: large or small, square or 
rectangular. The smallest size only is here pictured and 
briefly described. 

H-28740 Hot Plate, Model TP-1. Top plate: 5” x 5” cast 
aluminum. Stepless heat control: 150 to 700°F. Attractive 
enamelled steel case. For 115 volts A.C. 
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HARSHAW SCIENTIFIC 


Division of The Harshaw Chemical Co. * Cleveland 6, Ohio 
SUPPLYING THE NATION’S LABORATORIES FROM COAST TO COAST 


SALES BRANCHES CINCINNATI 13, OHIO HOUSTON 11, TEXAS OAKLAND 1, CAL. 
AND WAREHOUSES 6265 Wiehe Road 6622 Supply Row 5321 East 8th Street 


CLEVELAND 6, OHIO DETROIT 28, MICH. LOS ANGELES 32, CAL. PHILADELPHIA 48, PA. 
1945 East 97th Street 9240 Hubbell Ave. 3237 So. Garfield Ave. Jackson & Swanson Sts. 


SALES OFFICES © Atlanta 5, Ga. « Baton Rouge 6, La. © Buffalo 2, N.Y. © Hastings-On-Hudson 6, N.Y. © Pittsburgh 22, Pa. 





CAPABLE 
HANDS 


for your Research Analyses 


BIO-SCIENCE LABORATORIES OFFERS 
SUPPLEMENTAL LABORATORY SERVICE 


Determinations and Assays in... 
Biochemistry, Endocrinology, Toxicology, 
Microbiology-immunology, Enzymology, 
Radio-isotope Procedures 


Bio-Science Laboratories offers an unusual service to 
researchers in the bio-medical field . . . a full range 
of laboratory tests in biochemistry, endocrinology, 
microbiology-immunology, toxicology, enzymology, 
radio-isotope procedures. You who are working under 
research grants will find our service of especial bene- 
fit: it allows you to concentrate your own efforts on 
the essential aspects of the research, knowing that 
the recurring lab tests are taken care of by a fully 
equipped, well staffed, professional laboratory with 
long experience in the field. 


BIO-SCIENCE 
LABORATORIES 


“The Unusual Laboratory... 
for Unusual Tests”’ 





STEROIDS: FAR FROM ROUTINE THERAPY IN 
RHEUMATOID ARTHRITIS. “...it would now appear 
that the steroids should be employed infrequently in 
rheumatoid arthritis, and, when used, long-continued 
therapy should be avoided and the dosage reduced to 


the lowest possible level.” [New and Nonofficial Drugs 1961, 
Philadelphia, J. B. Lippincott Co., 1961, p. 598.] 


PLAQUENIL: EFFECTIVE LONG-TERM THERAPY 
THAT SPARES STEROIDS. Many physicians are now 
evaluating Plaquenil, the non-steroid antirheumatic 

of choice. Quite simply, Plaquenil pro- 


In rheumatoid arthritis vides conservative, safer, long-range 


management of rheumatoid 

IS THIS THE KRA arthritis. While the steroids 
often result in dramatic short- 

term improvement, Plaquenil affords 

(fF STEROID a more practical, lasting solution to 
the long-term problems of this long- 

term disease, and makes it possible 


DISENCHANT- to utilize steroids sparingly. 

O This is how: Full steroid dosage 

may be necessary only during the “latent” period 

MENT? of Plaquenil’s cumulative action. Since two to 
* 


four weeks may elapse before Plaquenil-treated pa- 
tients experience subjective improvement, and six to 
twelve weeks before objective benefits are noted, it is 
advisable to maintain adequate steroid dosage when 
indicated—but only when indicated—during this time. 
Thereafter, as Plaquenil exerts greater therapeutic ef- 
fects, steroid dosage may be reduced gradually. Sali- 
cylates too may be withdrawn as the need for adjunc- 
tive analgesia is diminished. 0 The rheumatoid 
arthritic patient is then continued on Plaquenil; gener- 
ally, no additional medication is required. Once im- 
provement has been achieved, it can usually be 
maintained, since Plaquenil is the best tolerated of 
the 4-aminoquinoline compounds used in rheuma- 
toid arthritis. 





MAJOR IMPROVEMENT IN 60 TO 83 PER CENT 
OF PATIENTS. Clinical experience has shown that 
after six to twelve months of continuous administra- 
tion, Plaquenil causes major improvement in 60 to 83 
per cent of patients: subsidence of the active inflam- 
matory process, diminution of joint effusion, slow fall 
in sedimentation rate, gradual rise in hemoglobin, 
relief of pain and tenderness, increased mobility, im- 
provement in muscle strength, increase in finger dex- 
terity, improvement in flexion deformities, diminution 
or disappearance of swellings and rheumatic nodules. 
There is a low incidence of major relapse following 
attainment of maximum improvement. 0 Plaquenil 
sulfate, 200 mg. tablets. Initial dose: 2 or 3 tablets 
daily. Maintenance dose: | or 2 tablets daily. Write for 
booklet containing complete clinical experience, side 
effects, precautions, etc. 0 When the patient also re- 
quires analgesia, Plaquenil with aspirin is available as 
Planolar (Plaquenil 60 mg. with aspirin 300 mg.). 


SULFATE 
NON-STEROID ANTIRHEUMATIC FOR SAFE, LONG-TERM THERAPY 


. 
LABORATORIES 
New York 18, N. Y. 


Plaquenil (brand of hydroxychloroquine), trademark reg. U. S. Pat. Off. Planolar, trademark. 
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Serpasil lowers blood pressure gently, guards against cardiac damage 


Serpasil—in addition to its well-established ef- 
fectiveness in controlling high blood pressure— 
offers an important bonus in treating hypertension. 
Laboratory studies show that Serpasil can prevent 
stress-induced heart damage,'? presumably 
through its ability to deplete the catecholamines 
(epinephrine and norepinephrine) from the 
myocardium. 34 

These laboratory data are clinically significant in 
light of growing evidence®’? that more than purely 
“mechanical” overwork may be involved in cardiac 
damage associated with hypertensive disease. 
Raab® suggests that much of this damage is due 
to a direct metabolic action of the catecholamines 
on heart muscle. The way to prevent it, he 
believes, is to deplete or inactivate excess 
catecholamines. 

Thus, Serpasil not on'y eases the mechanical 
burden on the heart by reducing peripheral re- 
sistance and slowing heart rate, it may also pro- 
vide protection against_catecholamine-induced 
heart damage—the added benefit in prescribing 
Serpasil for hypertension. 
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LABORATORY EVIDENCE SHOWS SERPASIL PREVENTS 
STRESS-INDUCED HEART DAMAGE? 


Severe heart damage in unprotected No heart damage in stressed rat pro- 
stressed rat. Tissue taken from rat tected with Serpasil.. Tissue taken 
given 2-a-methy!-9-a-fluorohydrocor- from rat given 2-e-methy!-9-e-fluoro- 
tisone and stressed (by restraint) for hydrocortisone and stressed as at 
15 hours. (Photomicrographs from left, bit also given Serpasil (0.4 
microgeam daily for one week). 











Note: While Serpasil did not completely protect the hearts of all animals in 
this study, it greatly reduced myocardia! damage in most of them, Original 
magnification of photomicrographs: approxi nately 460 X. 


Complete information about incications, dosage, cautions, and 
side effects of Serpasi!l — as well as a full report on its heart- 
protecting action —will be sent on request. 
suppvieo: Tablets, 0.1 mg., 0.25 mg. (scored) and 1 mg. (scored). 
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which.curve is longer? 


Fascinating . . . how one curved figure seems to be longer than the other—even 
when you know they’re both the same. 

Two oral penicillins can be just as difficult to compare. If only the price of the 
drugs were to be considered, the choice would be clear. But isn’t it what a 
drug does that counts? 

V-Cillin K® achieves two to five times the serum levels of antibacterial 
activity (ABA) produced by oral penicillin G.! Moreover, it is highly stable in 
gastric acid and, therefore, more completely absorbed even in the presence of food. 
Your patient gets more dependable therapy for his money . . . and it’s therapy 
—not tablets—he really needs. 





For consistently dependable clinical results 
prescribe V-Cillin K in scored tablets of 125 and 250 mg. Sua 
V-Cillin K, Pediatric, in 40 and 80-cc.-size packages. Each 5 cc. 7 
(approximately one teaspoonful) contain 125 mg. (200,000 units) 
penicillin V as the crystalline potassium salt. 





V-Cillin K® (penicillin V potassium, Lilly) 
1. Griffith, R. S.: Antibiotic Med. & Clin. Therapy, 7:129, 1960. 











Product brochure available; write Eli Lilly and Company, Indianapolis 6, Indiana. 





PREPARATION AND BIOLOGICAL PROPERTIES OF A CHEMICALLY 
MODIFIED ESCHERICHIA COLI ENDOTOXIN OF HIGH 
IMMUNOGENIC POTENCY AND LOW TOXICITY 


By HANS NOLL * 


(From the 


AND ABRAHAM I. BRAUDE?# 


Department of Microbiology and the Department of Medicine, School of Medicine, 


University of Pittsburgh, Pa.) 


(Submitted for publication February 


The chemical basis of the toxic and immuno- 
genic properties of endotoxins from enteric gram- 
negative bacilli has been the subject of intensive 
Recent methods of 


investigation. purification 


yielded biologically active preparations which 
were essentially free of dissociable protein and 
consisted of complex phosphorylated lipopolysac- 
charides containing firmly bound peptides (1, 2). 
Chemical degradation destroyed toxicity, liberating 
complex phosphoglycolipds and a haptenic poly- 
saccharide endowed with serological specificity 
(1, 3-7). It was concluded that the lipid was 
essential for toxicity, whereas the polysaccharide 
merely functioned as a water-soluble carrier (7, 
8). This concept was supported by the successful 
restoration of toxicity upon artificial recombina- 
tion of the lipid with unrelated proteins (9, 10). 
These findings suggested the possibility of pre- 
paring a nontoxic antigen by chemical dissocia- 
tion of the lipid from the native endotoxin com- 
plex. In the past, all attempts to separate the 
toxic from the antigenic properties failed, since 
the hydrolytic methods employed lacked the re- 
quired selectivity and invariably destroyed the 
antigenic properties more rapidly than the toxicity 
S 4 3 


greater specificity, on the other hand, appeared to 


The use of nonhydrolytic reagents of 
offer a more promising approach. In the present 
study, the selective reduction of toxicity was ac- 
complished by the treatment of a Boivin antigen 
from Escherichia coli with LiAlH,. The data pre- 
sented show that the resulting product retained the 
immunogenic potency and serologic activity of the 


original complex 


* Supported by Research Grant E-1500 from the Di- 


vision of Research Grants of the National Institutes of 
Health, and by Senior Research Fellowship SF-274 from 
the Public Health Service 

7 Supported by the 
vision, Office of the Surgeon General, Dept. of the Army, 


Washington, D. C 


Research and Development Di- 


27, 1961; accepted June 29, 1961) 


The choice of LiAlH, was suggested by earlier 
studies on the chemical structure of mycobacterial 
glycolipids. It has been shown that the fatty 
acids of these lipids are frequently linked to the 
carbohydrate portion through ester bonds which 
are reductively cleaved by LiAIH, without dam- 
age to the carbohydrate moiety (11-16). 


MATERIALS AND METHODS 


Reagents. LiAlH, and NaBH, were purchased from 
Metalhydrides, Inc. distilled 
water were obtained from the Abbott Company. 


Pyrogen-free saline and 


Decontamination. Equipment (glassware, needles, and 
so on) was made free of pyrogen by heating at 170° C for 
2 hours. Plastic material and other equipment that could 
not be exposed to this temperature were made pyrogen 
free by immersion in 10 per cent NaOH for at least 2 
hours and rinsed with pyrogen-free distilled water. 
Bacterial cultures. E. 
from the blood of a patient, was subcultured on agar 


colt of serotype 0: 113, isolated 


containing 5 per cent rabbit blood. 
Media. 


dium, containing glucose as carbon and NH, 


For large scale growth, a synthetic salt me- 
as nitrogen 
source, was used (17). 
Preparation of endotoxin. 
12.5-L 


was stopped after 18 hours by the addition of 75 ml of a 


The bacteria were grown in 


batches as described previously (17). Growth 


40 per cent formalin solution. The cultures were har- 
vested with a DeLaval gyro-test unit, washed with 95 per 
cent ethanol, followed by acetone, and dried in a vacuum 
oven at 56° C. The bacterial mass, suspended in 5 parts 
of distilled water with a Waring Blendor, was incubated 
at 60° C for 90 minutes and subsequently at 4° overnight. 
An equal volume of cold 1.25 M CCl,COOH was added 
with short mixing in a Blendor and the suspension kept 
at. 4; 
trifugation at 12,000 rpm at 5° 
against running distilled water, passed through a Seitz 
per cent 


The extract was separated by cen- 
C, dialyzed for 48 hours 


for 3 hours. 


filter, and precipitated by the addition of 95 
ethanol to a final concentration of 68 per cent by weight 
After 12 hours at 4° C, 
collected, washed with 95 per cent ethanol followed by 
ether, dried in vacuo to constant weight, and stored over 
white 


the precipitated endotoxin was 


a desiccant. The endotoxin was obtained as a 
powder in a yield of about 5 per cent based on the bac- 


terial dry weight. 


1935 
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Carbohydrate was 
the phenol-sulfuric acid method (18). 
standard 


Chemical and spectroscopic assays. 
determined by 
endotoxin 


Reference samples of glucose and 


solutions were included in each assay. Fatty acid esters 
were determined by the method of Snyder and Stephens 
(19), as modified for endotoxins by Tauber (20). Crys- 
talline tripalmitin served as standard. 

Infrared spectra were recorded with a Beckman IR-4 
The samples were pre- 


double-beam spectrophotometer. 
pared by the KBr micropellet technique as described previ- 


ously (21). 


Chemical treatment of endotoxin 


Reduction with LiAlH, 
pension of 300 mg of endotoxin in 30 ml of dry ether was 
A total of 150 mg of LiAlH, was 


Excess 


In a first experiment, a sus- 


refluxed for 5 hours. 
added in 10-mg portions at regular intervals. 
reagent and the LiAl alkoxide addition products of the 
reaction were decomposed by careful addition of moist 
ether followed by 50 ml of water. Pyrogen-free distilled 
water was used throughout. The ether was separated and 
the aqueous phase re-extracted twice with 50-ml por- 
tions of ether. After drying over anhydrous Na.SO,, the 
pooled ether extracts were taken to dryness in vacuo, 


The insoluble Al(OH) 


filtration and 


yielding 5 mg of a lipid residue. 
was removed from the aqueous phase by 
washed with water. The clear filtrate, after dialysis 
against water overnight and lyophilization, yielded 38 mg 
(13 per cent of the original starting material) of a white 


(RE I). 


The remaining major portion of endotoxin was firmly ad- 


fluffy residue, designated “reduced endotoxin |” 


sorbed to the aluminum hydroxide gel, since a carbohy- 
drate assay of the resuspended precipitate accounted for 
the balance. 

In a second experiment, the reaction mixture was im 
mediately neutralized to pH 7 at the end of the reduction 
period in order to minimize the possibility of alkaline 
hydrolysis during the isolation of the water-soluble prod- 
uct. Thus, 50 mg of endotoxin in ether was refluxed 
with 100 mg of LiAl1H, for 5.5 hours. 
then decomposed by the addition of 3.1 ml 1 N 


The mixture was 
HCl. 
After removal of the ether phase, the aqueous suspension 
was diluted to a volume of 20 ml and filtered through a 
The filtrate 
contained 3.3 mg of reaction product, as determined by 


fritted glass funnel of medium porosity. 
carbohydrate assay. It was deionized by passage through 
a column of Amberlite MB-3 mixed-bed resin which had 
distilled 
The lyophilized effluent yielded 3 mg residue, 
designated RE II. 

Alkaline hydrolysis with LiOH. An aqueous solution 
of LiOH containing the equivalent of 10 mg LiAlH, per 
ml was prepared by decomposition of the hydride with 


been thoroughly washed with pyrogen-free 


water 


water and filtration of the insoluble alumina gel. A 
series of tubes containing 50 mg of endotoxin and in- 
creasing amounts of LiOH in a total volume of 10 ml was 
allowed to stand at 20° C. 
neutralization with the strongly acidic cation exchanger 
Amberlite IR 120 (H* form) and the product isolated 


The reaction was stopped by 
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by lyophilization. The resin was made pyrogen-free by 
previous treatment with 10 per cent NaOH followed by 
regeneration with 2 N HCl! and extensive washing with 
pyrogen-free water. 

Alkaline hydrolysis with NaOH. 
NaOH -treated 
“Antibody 


The preparation of 


endotoxin is described below under 


titrations by hemagg!utination.” 


Bioassays 


Pyrogencity. The pyrogenic etfect of the test prepa- 


rations was measured rectally after injection into the 
marginal ear vein of carefully conditioned albino rabbits 
weighing 3 to 5 kg. Temperatures were recorded hourly 
for 8-hour periods prior to and after injection of the test 
The experimental techniques and equipment 
letail (22). 


materials. 


used have been described in Pyrogenic 


potency was measured by plotting the maximal tempera- 
ture rise caused by endotoxin doses ranging from 0.0001 
The mini- 


to 1.0 wg against the logarithm of the dose 


mal pyrogenic dose, defined as the amount required to 
(0.56° C 


the resulting linear log dose-response curve and gave a 


produce a 1.0° F was determined from 


rise, 
value of 0.00045 ug for the standard endotoxin prepara- 
tion used in these experiments 

Lethal toxicity. 
tained from Flora O’Grady 


Litter mates of white Swiss mice ob- 
vere injected into the tail 
twofold dilutions of the test preparations. 


veins with 


Groups of 5 mice were used for each dose and the tox- 
icity expressed as the fraction of survivors after 72 hours. 
The LD; was calculated by probit analysis according 
to Finney (23) in those cases where the data required 
a Statistical test of significance 

Hematology. Hematologic changes were studied by 
total and differential leukocyte counts in duplicate on 
blood obtained from rabbits by nicking the central artery 
of the ear at zero time, 5 minutes, 1 hour and 4 hovrs 

Antibody 
centration of antibodies against endotoxin preparations 
hemagglutination essentiaily as de- 
24). 
containing 10.0 mg of endotoxin was added to 4.5 ml 0.25 
N NaOH and incubated at 37° C After neu- 


tralization with 4.5 ml 0.25 N HCl, 1.0 ml of packed hu- 


titrations by hemagglutination. The con- 


was determined by 
scr.ved by Neter and co-workers One ml of saline 


for 3 hours. 


man group O erythrocytes was added and the suspension 
incubated for 1 hour at 37° C. The red cells had previ- 


ously been washed 4 times with saline. The sensitized 


red cells were separated by centrifugation, washed 3 times 
with saline and resuspended to a concentration of 2.5 per 


cent. Sera were inactivated by incubation in a water 


bath for 30 minutes at 56° C, absorbed with group O 


human cells to remove red cell agglutinins and diluted 
serially by adding 0.5 ml to 0.5 ml cf saline. To each 
tube containing 0.5 ml of serially diluted serum was added 
0.1 ml of the sensitized cell suspension and the mixtures 
incubated at 37° C for 60 minutes. After overnight re- 
frigeration at 4° C, the tubes were shaken and the agglu- 
tination endpoint was determined by visual inspection of 


the state of dispersion of the red cell suspensions. 
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Antigenic analysis by precipitin reactions in agar 


Precipitin reactions in agar were carried out by the 
diffusion technique of Ouchterlony (25) with sera of rats 
immunized with various endotoxin preparations. 

Immunisation of rats. Holtzman albino rats, weighing 
approximately 365 g, were divided into 5 groups and im- 
munized according to the schedule in Table I. Two to 
3 ml of blood was obtained by cardiac puncture at 4, 8, 
15 and 30 days after the final injection. The blood was 
drawn from 2 rats each time in the first 3 groups and from 
3 rats in the latter 2 groups. 

Preparation of agar plates. Agar diffusion plates were 
prepared essentially as described by Halbert, Swick and 
Sonn (26). <A solution of 0.7 g of Bacto-agar (Difco) 
in 100 ml boiling saline was mixed, after cooking, with 
0.8 g sodium barbital and 7.5 g glycine and the pH ad- 
justed to 7.4 with 0.1 N HCI. 


poured into petri dishes measuring 60 


Eight ml molten agar was 
20 mm and al- 
lowed to solidify about a mold with one center and six 
outer holes of 8 mm diameter. The mold was removed 
from the hardened agar and the plates stored at 4° C for 
1 to 4 days, allowing excess fluid to seep into the wells 
whence it could be removed by suction. 

In one group of experiments, the test was performed by 
placing 0.2 ml antigen solution containing 200 ug of the 
test preparation in the center well and 0.2 ml of serum in 
the outer wells; in other experiments, various antigens 
were pipetted into the outer wells and the antiserum into 
the center well. Plates were incubated in the refrigera- 
tor and examined for precipitation bands 48 hours later 


and daily thereafter. 
Immunization against E, coli-induced pyelonephritis in rats 


Twenty male albino rats of the Holtzman strain, weigh- 
ing about 365 g, were injected intraperitoneally with 1.0 
ug LiAlH,-treated endotoxin (REI) and 2.0 ml blood was 
collected by cardiac puncture 7 days later from each of 5 
rats. Since no hemagglutinating antibodies were detected, 
all rats were given a second injection of 19 ug of the 
same antigen and cardiac blood was drawn again from 
the previously bled 5 rats 7 days after the second in- 
jection. Antibody titers had risen sharply to titers rang- 


TABLE I 


Immunization schedule of rats for antigenic analysis 


No. 


Group of rats Antigen Amount Route 


Untreated Boivin endo 20 ug* i.p. 


toxin 


20 ue* i.p. 


Reduced endotoxin, 
prep. RE I 


20 ug* 
0.5 mit 


NaOH-treated endotoxin 


18-hour broth culture 
of heat-killedt E. coli 


18-hour broth culture 
of viable E. coli 


0.5 mlt 


* Two injections at 1-week interval. 

+ 80° C for 60 minutes. 

¢ 10° Bacteria per ml. 

§ Intracardial injection followed by renal massage. 


TOXICITY 1937 


2 
Ds 
ty, 
3 4 
GRADE OF SEVERITY 


QUANTITATIVE 
Progressive stages are graded 1 to 4 


Fic... 1. ESTIMATION OF SEVERITY OF 
PYELONEPHRITIS, 
as shown by the schematic drawings. 
ing from 1:32 to 1: 256. Ten days after injection of the 
second antigen dose, 2 ml of cardiac blood was drawn 
from all of the 20 immunized rats and from 20 nonim- 
munized controls. 


inoculated intracardially with 0.5 ml of an 18-hour cul- 


Immediately afterward, each rat was 


ture in trypticase soy broth containing approximately 10° 
cells per ml of the same E. coli strain from which the en- 
dotoxin had been extracted. The kidneys of the animals 
were massaged for 5 minutes through the intact abdominal 
wall in order to produce pyelonephritis (27). Seven days 
later all surviving rats were sacrificed by exsanguination 
and exposure to ether. Their kidneys were examined 
for the pathological changes of pyelonephritis and the 
severity of the disease graded according to the system 
illustrated in Figure 1. Each kidney was then weighed 
and ground to a pulp in a homogenizing tube with a 
Teflon-tipped, motor-driven, stainless steel pestle. The 
individual homogenates were diluted serially in steps of 
1:10 with water and pour plates made of each dilution. 
After incubation at 37° for 24 hours, the total number of 
calculated for 


viable bacteria per gram of tissue was 


each kidney from the colony counts. 


RESULTS 


Physicochemical characterization of endotoxin 
preparations. It is well known that the chemical 
composition of endotoxin preparations varies con- 
siderably, depending upon the method of isolation, 
but under carefully standardized conditions, ma- 
terials of fairly constant nitrogen, carbohydrate 
and lipid content are obtained. The Boivin type 
lipopolysaccharide-protein complexes, extracted 
with trichloroacetic acid and characterized by a 
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relatively high nitrogen content (2 to + per cent), 
are both toxic and immunogenic. Preparations of 
equal toxicity, but lower nitrogen content (1.0 to 
1.5 per cent), have been obtained by various ex- 
traction and purification procedures, sometimes 
with loss of immunogenicity (1, 2, 9, 28, 29). 
Since the primary objective of this study was to 
reduce the toxicity of highly antigenic prepara- 
tions rather than to purify for increased toxicity, a 
Boivin type endotoxin was used without further 
purification 

For the analytical characterization of the endo- 
toxin preparations under study, quantitative infra- 
red spectrophotometry and a sensitive colorimetric 
assay for carbohydrate (18) were used. Infrared 
spectroscopy has proved to be a most powerful 
analytical tool in investigations of complex lipids, 
particularly for a preliminary characterization of 
preparations of unknown purity and chemical 
structure (15, 16. 30 Webster, Sagin, Landy 
and Johnson have published infrared spectra of a 
Boivin antigen, a protein-free lipopolysaccharide, 
and degraded polysaccharide (hapten) which 
clearly show that the proportions of protein, car- 
bohydrate and lipid in these preparations are re- 
fected in the appearance and relative intensity of 
characteristic absorption bands (1). 

The infrared spectrum of the Boivin antigen 
used in these studies (Figures 2, 4, 5) was highly 
reproducible from one batch to another and similar 
to the spectrum published by Webster and co- 
workers. The carbohydrate content (expressed 
as glucose equivalents) was constant within + 5 
per cent and corresponded to 32.5 per cent of the 
dry weight. Acid hydrolysis with constant boil- 
ing aqueous HC] in an atmosphere of nitrogen re- 
sulted in the maximal liberation of 4 per cent of 

NH, after 90 minutes. Before hydrolysis, the 
content of free amino groups in endotoxin was 0.3 
per cent, as determined with ninhydrin (31). 

Effect of reduction with LiAlH, on chemical 
structure and biological properties of endotoxin. 
Treatment of endotoxin with an excess of LiAlH, 
gave a water-soluble reaction product and a small 
The 


soluble reaction product was a white powder which 


amount of an ether-soluble lipid. water- 


formed opalescent solutions in water. The car- 
bohydrate content remained virtually unchanged, 
corresponding to 33.3 per cent before and 32.7 


per cent after treatment. 
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BRAUDE 


The spectra of the original endotoxin and of 
the ether- and water-soluble reaction products are 
reproduced in Figure 2. The spectrum of the 
ether-soluble lipid (Figure 2b) shows the charac- 
teristic absorptions of a long chain aliphatic alco- 
hol (15). Since ether-soluble long chain aliphatic 
alcohols have never been found in hydrolysates of 
endotoxin, they must have been derived from the 
corresponding fatty acids as a result of the reduc- 
tive cleavage of ester bonds which originally linked 
the fatty acids to the carbohydrate or peptide 
moiety of the endotoxin. This conclusion is also 
supported by a spectral comparison of the water- 
RE | with 
The most conspicuous 


soluble reaction product untreated 
endotoxin (Figure 2a). 
changes are the decrease in the CH stretching 
absorptions near 2,900 cm-' and the virtual disap- 
pearance of the CO stretching bands near 1,735 
(C = QO) and 1,250 (C — O) cm in the spectrum 
of the water-soluble reaction product. No satis 
factory explanation has been found for the ap- 
pearance of a strong new band at 1.420 cm". In 
the region of the strong carbohydrate absorptions 
between 1,100 and 1,000 cm, the originally only 
faintly resolved band separates into two distinct 
peaks at 1,090 and 1,050 cm™ after treatment. 
This effect may be explained by the elimination 


of a strong absorption band near 1,060 cm™, pos- 


sibly due to the removal of organic phosphate, 


which is known to absorb strongly in this region. 
Significant modification of the carbohydrate moiety 
seems unlikely, since both carbohydrate content 
and the associated serological activity remained 
unchanged after treatment with LiAlH,. 

Biological properties. a) Toxicity. As is evi- 
dent from the chart in Figure 3, intravenous injec- 
tions of reduced endotoxin produced no fever or 
other signs of illness in rabbits, even in the highest 
dose of 100 pg tested. In contrast, the minimal 
pyrogenic dose of untreated endotoxin was 0.00045 
ug, and doses of 5 wg were frequently lethal. Thus, 
treatment with LiAIH, reduced the pyrogenicity 
of endotoxin by a factor of at least 10°. 

The results of a toxicity assay in mice are shown 
in Table II. 


LiAlH,-treated endotoxin failed to cause a sig- 


Intravenous injections of 1.0 mg of 


nificant lethal effect, but the available material was 
insufficient to permit an LD,, determination. In 
contrast, the LD. of the original endotoxin was 
0.10 mg. 
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curve: untreated Boivin antigen, 27 ug per 4.3 mg KBr; solid curves: 
ter-soluble reaction product (RE 1), 36 wg per 5.0 mg KBr; lower, 27 ug per 4.3 mg KBr. 


Ether-soluble reaction product (melt). 


No significant change was observed in the leu- 
kocyte count of three rabbits during a 4-hour pe- 
riod after the intravenous injection of 5.0 pg of the 


ester-free endotoxin. Injection of the same 


TABLE II 


Lethality for mice of reduced and original endotoxin 


Fraction dead after 72 hours 


Orig. 
Preparation RE I endotoxin 
mg inj. 
0.063 
0.125 
0.25 
0.50 
1.00 


LDso mg 


4/10 
4/10 
10/10 
10/10 
10/10 


0.10 


ooo 
Mn an 


—_ 


LIALH, TREATMENT ON 


INFRARED 


1600 1400 1200 1000 


-| 
Wavenumber in cm 


80 


SPECTRA OF ENDOTOXIN. a) Broken 


upper, nondialyzable wa 
b) 


amount of untreated endotoxin, on the other hand, 
produced a sharp neutropenia within 60 minutes, 
as was evident from the disappearance of 60 to 80 
per cent of the neutrophiles from the circulation. 

A further manifestation of toxicity is the ery- 
thema caused by endotoxin injected into the hu- 
man skin (32). 
injected intracutaneously with 0.1 yg of reduced 
endotoxin RE II into the right forearm and with 
an equal dose of regular endotoxin into the left 


Three human volunteers were 


forearm. The LiAlH,-treated preparation caused 
no visible reaction, whereas all three subjects de- 
veloped erythema and intense induration at the 
injection site of the regular endotoxin. This reac- 
tion began in 2 hours, reached a maximum in 12 
hours and subsided in 48 hours. 
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The results of tolerance 
show that the in- 


b) Pyrogen tolerance. 
studies, illustrated in Figure 3, 
jection of the nonpyrogenic ester-free endotoxin 
(RE I, RE to the 
treated, pyrogenic parent preparation. 


II) conferred tolerance un- 
The non- 
pyrogenic endotoxin was given according to three 
different 
three rabbits received six consecutive daily intra- 
venous injections of 1.0 wg ¢(A-C) and 10.0 ng 
(D-F); a third group (G-I) received one injec- 
tion of 100 zg. 
all 


injection schedules. Two groups of 


Seven days after the first injection, 


nine rabbits were challenged simultaneously 


IMMUNIZED WITH LiALH, 
rr ENDOTOXIN 


C, 1 yo (DAILY INJECTION x 6) . S 9 





so Temp 
9-9 > “10 9-12 9-13 
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with six controls by the intravenous injection of 
0.5 pg All 
given prior injections of nonpyrogenic endotoxin 


untreated endotoxin. nine rabbits 
responded to this challenge with typical, tolerant, 
the 


showed the usual biphasic fevers characteristic of 


monophasic fever curves, while controls 


the susceptible nontolerant state. 

From the hemagglutinin titers recorded in Fig- 
ure 3, it can be seen that the production of toler- 
ance with the nonpyrogenic endotoxin was also 
accompanied by a significant rise in circulating 


antibodies prior to the date of challenge. It should 
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be pointed out that these titers reflect the degree of 
cross reaction with the NaOH -treated antigen re- 
quired for sensitization of the red cells in this test 
and hence may not express the true antigenicity 
of the modified endotoxin for rabbits. The ho- 
mologous antibody response could not be deter- 
mined with this technique, since the LiAlH,- 
treated endotoxin failed to adsorb to the surface 
of erythrocytes. 

c) Tolerance to the lethal effect of endotoxin. 
The injection of nonpyrogenic endotoxin into mice 
also caused an increased tolerance against the 
lethal effect of subsequent challenge doses with 
regular endotoxin. The results obtained with two 
different preparations of LiAlH,-treated endo- 
toxin, listed in Table III, show that the LD... of 
mice challenged 1 week after one injection of 1.0 
pg of either treated or untreated endotoxin in- 
creased about threefold over that of the controls. 
The LD... values of the immunized 
the controls were computed by probit analysis and 
the difference was found to be statistically highly 
significant (p < 0.01). 

Influence of reaction time and stoichiometry of 
A few experiments with varying pro- 


animals and 


reagents. 
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TABLE Ill 


Increased resistance of mice against lethal toxicity of endo- 
toxin 7 days after immunization with one injection of 1.0 
ug of regular and LiAlH,-treated endotoxin 


Fraction dead after 72 hours 


Immunized, 
LiAlHs-treated endo.* 


Immunized, 
regular endo. 


Nonimmunized 
controls 


Challenge 
dose 


mg 
0.063 
0.125 y 
0.25 /10 
0.50 10 
1.00 10, 


10 
10 
10 
10 
10 


10 
10 
10 
10 


/10 


LDsot mg .10 0.29 0.31 


* Half the mice were immunized with preparation RE I, the other 
half with RE II. Statistical considerations showed that pooling of the 
data was permissible and desirable. 

+ Computed by probit analysis (23). 


portions of reagent were carried out in order to 
obtain some information on the stoichiometry and 
Samples of 10 mg 


time course of the reaction. 
endotoxin were treated with 0.1, 1.0 and 100 mg 
of LiAlH, for 1 hour in the usual way. 
tion was stopped by the addition of water, the 
aqueous solutions neutralized, and adjusted to a 


The reac- 


volume of 5 ml. 
removed by centrifugation and the supernatants 


The insoluble hydroxides were 
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CHANGES IN INFRARED SPECTRUM OF ENDOTOXIN AFTER TREATMENT WITH VARIOUS PROPORTIONS 
b) Treated with 0.1 mg LiAlIH, per 10 mg _ endotoxin. 
Samples were pressed into 5 mg KBr pellets containing 36 ug endotoxin. 


Cc) 
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rABLE IV 


Reduction of pyrogenicity and recovery of reaction product after treatment of endotoxin 
with various proportions of LiAlH, and for different reaction periods 


% LiAlHs I 


ndo. Pyrogenicity 


R - : 
f endo. adsorbed ™g adsorbed Reaction n % of un 
wt to Al(OH): mg Al(OH period reated endo. 


me 


10 y 1 
10 1.0 10 
300 150 50 
50 100 200 
10 100 1,000 


* Similar to Figure 2a (not shown). 
+t Not tested because of lack of material 


(RE III, 1V, V) assayed for carbohydrate. Spec- 
troscopic and pyrogenicity determinations were 
carried out with the residues obtained after lyophi- 
lization of the deionized aqueous solutions RE III 
and Re IV. The results of this and the previous 
two experiments, summarized in Table IV, show 
that both efficiency of inactivation and adsorption 
losses increase with increasing amounts of re- 
ducing agent per milligram of endotoxin. If the 
reagent exceeds about 50 per cent of the weight 
of the endotoxin, the adsorptic m losses approach 
90 per cent. Near saturation—t.e., with an ex- 
cess of endotoxin—the aluminum hydroxide gel 
can bind about twice its weight of endotoxin 
(RE IV). 

The effect of increasing proportions of reducing 
agent on the chemical structure of endotoxin is 
best visualized by comparison of the infrared 
spectra of the preparations listed in Table IV. 
The spectral changes reflecting various degrees of 
reduction are illustrated by the three superimposed 
recordings in Figure 4. It can be seen that treat- 
ment with even the smallest proportion of LiAlH, 


16 ~100 
40 Zz ~1 

87 <0.001 
93 2 ~ he <0.001 
96 T 


(0.1 mg per 10 mg endotoxin), which failed to 
produce a measurable decrease in pyrogenicity, 
caused a marked reduction, corresponding to about 
25 per cent of the absorptions associated with 
ester groups (curve b). Further increase of the 
reducing agent to 1 mg LiAlH, per 10 mg endo- 
toxin gave a product of about 100-fold reduced 
pyrogenicity, which shows only a trace of ester 
carbonyl at 1,735 cm? (curve c). Chemical de- 
termination (20) of the ester content of the un- 
treated endotoxin gave a value of 0.27 pmole 
ester linkages per mg, corresponding to an ester- 
bound fatty acid content of 5 to 10 per cent. The 
finding that, after reductive cleavage, only about 
2 per cent ether-soluble lipid was recovered in the 
form of aliphatic alcohols suggests that the major 
portion was adsorbed to the aluminum hydroxide 
gel. 

The analysis of the stoichiometry and kinetics 
of the reaction is complicated by the presence in 
endotoxin of a large proportion of labile hydro- 
gen which reacts rapidly with hydride to form 
complexes that are later decomposed with water. 


TABLE \V 


Effect of treatment with LiOH on toxicity and CO stretching absorption of endotoxin 


LiOH concentration 


LiAlH, 
Preparation equiv. 


Absorption 
Reaction intensity 
period LD s50* Toxicity at 1,250 cm 


moles /I me/10 ml 

50 0 0 
50 0.005 2 
50 0.01 4 

50 0.025 10 

50 0.1 40 

, 50 0.25 100 
HE VI 50 0.25 100 


* Estimated by the method of Reed and Muench (34). 


hy mé Y % 

0 0.098 100 100 
0.176 56 85 

0.211 46 64 

0.324 30 48 

48 

0.522 19 48 

48 
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This side reaction consumes a relatively large 
proportion of reagent. Replacement of labile hy- 
drogen, most of which is associated with the car- 
bohydrate portion, is calculated to require an 
amount of LiAlH, corresponding to 10 to 20 per 
Reductive cleavage 
of all ester bonds, on the other hand, would con- 


cent of the endotoxin weight. 


sume only 0.5 mg LiAlH, per 100 mg of endo- 
toxin. 

Subsequent experiments indicated that reduc- 
tive cleavage of ester bonds alone fails to explain 
When the 
formation of insoluble Al(OH), was prevented 


the observed loss of pyrogenicity. 


with sodium potassium tartrate (33), or when 
the reduction was carried out in aqueous solution 
with LiBH, or NaBH,, only moderate reduction 
of toxicity occurred, despite the disappearance of 
the ester carbonyl band at 1,735 cm-’ in the infra- 
red spectra of the reaction products. Apparently, 
the toxic products remaining after reduction with 
LiAlH, are preferentially adsorbed to the alumi- 


1 


This was demonstrated by 
dividing the reduced reaction mixture into two 


num hydroxide gel. 


portions, one of which was decomposed with di- 


lute HCl as usual, the other with a saturated solu- 
tion of sodium potassium tartrate. The fraction 
of the reaction product of the first portion which 
did not adsorb to Al(OH), was free «° pyro- 
genicity, whereas the product isolated from the 
tartrate solution had retained its toxic properties. 

Alkaline hydrolysis. Endotoxin was treated 
with various concentrations of lithium hydroxide, 
in order to distinguish the chemical and biologi- 
cal effects caused by the reducing action of LiAlH, 
from those that are attributable to the hydro- 
lytic action of its water-soluble alkaline decom- 
position product. 

The LiOH concentrations and reaction periods 
are listed in Table V, together with the results of 
infrared spectrophotometry and mouse toxicity 
The spectra of the samples treated with 
LiOH are 
The results show that alkali 


tests. 
increasing concentrations of repro- 
duced in Figure 5. 
causes both a reduction of toxicity and hydroly- 
sis of ester bonds. The extent of hydrolysis after 
1 hour, as measured by the intensity decrease of 
the ester bands near 1,735 and 1,250 cm", was 
dependent upon the alkali concentration up to 


about 0.02 M and reached a value of about 50 per 
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CHANGES IN INFRARED SPECTRUM OF ENDO- 
INCREASING CONCENTRA- 
TIONS OF LIOH, CORRESPONDING TO (FROM TOP) 0, 0.005, 
0.010, 0.025, 0.25 M. 


(KBr pellets, 5 mg, containing 36 ug endotoxin.) 


Arrows indicate ester absorptions. 
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cent ; an increase of the LiOH concentration to a 
final value of 0.25 M failed to cause further re- 
duction of the ester absorption bands even after 
48 hours’ reaction time, as is evident from the in- 
frared spectrum in Figure 5, The re- 
duction of toxicity as a function of the alkali con- 
centration is shown in Figure 6. The LD,, is 
proportional to the log of the LiOH concentration, 
a tenfold increase of the latter producing an LD,, 
increase of 0.21 mg. Spectroscopic analysis, on 
the other hand, shows no difference between the 
spectra of the samples treated with 0.025 M LiOH 
for 1 hour and with a tenfold higher alkali con- 
centration for 24 hours. Because of the lack of 
a strict quantitative correlation, it is doubtful that 
the moderate reduction of toxicity caused by al- 
kali is directly related to the hydrolysis of ester 
bonds. This conclusion is in agreement with 
previous observations which indicated that alkaline 
hydrolysis under comparable conditions resulted 
in partial removal of lipid without significant re- 
duction of pyrogenicity and toxicity (24). 
Treatment of endotoxin with either LiOH or 
LiAlH, is accompanied in each case by an increas- 


curve 5. 


ing separation of the broad absorption near 1,060 
cm into two distinct bands. However, in ad- 
dition to these changes, alkali treatment, in con- 
trast to reduction with LiAlH,, also causes an in- 
creased separation of the amide I and II bands. 
This effect seems to be associated with the most 
alkali-sensitive portion of endotoxin, since it is 
caused by the lowest LiOH concentration tested 


LDso 
mg 
05 


04 
03 


02 


j 1 al. i 


10 25 100 250 
LiOH Concentration (mM) 


LINEAR INCREASE OF LD, FOR MICE WITH LOG 
AFTER TREATMENT OF ENDO- 








Fic. 6. 
oF L1OH CONCENTRATION 
TOXIN FOR 1 HOUR AT 22° C. 
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(0.005 M) and is not noticeably enhanced at 
higher concentrations. This suggests that the ob- 
served spectral change results from a modification 
of the protein or peptide moiety which is known to 
adsorb in this region. This explanation is sup- 
ported by the observed reduction of immunizing 
power of alkali-treated endotoxin preparations 
and the well known sensitivity of proteins to con- 
ditions of high pH. These data emphasize again 
the contrast between the lability of the immuno- 
genic properties of endotoxin and the resistance 
of its toxicity toward alkali. 

Antigenic analysis. In order to obtain further 
information on the immunizing properties and 
antigenic composition of various endotoxin prep- 
arations, rats were immunized and their sera ana- 
lyzed for precipitating antibodies by the agar dif- 
fusion technique. Antisera produced with live 
and heat-killed E. 
Boivin antigen before and after treatment with 
LiAlIH, and NaOH were each tested against 
four different antigens. The sera were collected 
at intervals over a 30-day period in order to fol- 
low the time course of the immune response. A 
complete synopsis of this experiment, showing the 
precipitin patterns obtained with the various anti- 
sera placed in the center and the antigens in the 
outer wells, is reproduced in Figure 7. Although 
all preparations were antigenic, the antibody re- 


coli cultures, as well as with 


sponse which they elicited varied considerably with 
The ap- 


regard to time, quality and intensity. 
pearance of more than one band indicates chemical 
heterogeneity of the antigen preparations; by this 
test, autoclaved culture filtrates and untreated 
Boivin antigen contained at least two components, 
while the LiAIH,- and alkali-degraded products 
contained three. So-called reactions of identity, 
characterized by the complete joining of the pre- 
cipitin bands, occurred when different antigen 
preparations were tested against a given antiserum 
as well as in the reversed test. Analysis of the 
identity reactions indicated that all antigen prepa- 
rations had at least one serologically reactive con- 
figuration in common. 

The most rapid formation of completely cross- 
reacting antibodies was induced by the nontoxic, 
LiAlH,-treated preparation (RE I). Sera ob- 
tained 4 days after the second injection of this 
antigen reacted with two precipitin bands against 
all antigens; after 8 days the inner bands began 
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Fic. 7. DEVELOPMENT OF PRECIPITATING ANTIBODIES IN 
SERA OF RATS VARIOUS ENDOTOXIN 
PREPARATIONS AS DEMONSTRATED BY THE QOQUCHTERLONY 
AGAR DIFFUSION TECHNIQUE. Antisera, prepared by the 
antigens shown at the top of each column, were placed 
in center wells and tested against the four antigens in 
The sera were 


IMMUNIZED WITH 


the outer wells as indicated by the code. 
collected from individual rats 4, 8, 15 and 30 days after 
the second immunizing injection as indicated in the ver- 
tical column at left. The identification number of each 
immunized rat is placed to the left of each diffusion plate. 
Antigens: V = viable E. coli (18-hour broth culture con- 
taining 10° organisms per ml) ; E= untreated endotoxin; 
A =autoclaved E. coli (18-hour broth culture autoclaved 
for 2.5 hours at 120° C and 15 lbs pressure); OH = 
NaOH-treated endotoxin; EF = LiAlH,-treated endo- 
toxin RE I. 


to disappear, and by 15 days no precipitating anti- 
bodies were detectable. A different pattern was 
shown by the antibody response resulting from 
immunization with either live E. coli or untreated 
endotoxin. In these cases, the antibodies appear- 
ing after 4 days gave precipitin reactions with 
unheated culture filtrates of E. coli and native 
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Boivin antigen only. After 8 days, the antisera re- 
acted with the alkali-treated endotoxin and with the 
soluble antigens of the autoclaved E. coli cultures 
and, finally, after 15 days with the LiAlH,-treated 
antigen. This suggests that the native antigens 
are slowly degraded in vivo to products of increas- 
ing immunochemical similarity with the chemi- 
cally modified test antigens. It is interesting that 
the chemically modified preparations could still 
induce the formation of antibodies capable of reac- 
tion with the original antigens, whereas the early 
antibodies elicited by the native antigens failed 
This 


nonreciprocal cross reaction may be explained by 


to precipitate with the modified antigen. 


the concept of competition of antigens as extended 
to different antigenic regions within the same mole- 
cule (35): the determinant region (epitype’) a 
which was immunogenically dominant in the origi- 
nal antigen must have been lost during treatment 
with LiAlH,, thus allowing in the modified anti- 
gen the immunogenic expression of the previously 
repressed epitype b. 

Other modifications of the immunogenic prop- 
erties caused by detoxification are reflected in the 
greater intensity and shorter duration of the anti- 
body response. The disappearance of antibodies 
within 15 days after the second immunizing dose 
suggests that the detoxified antigen is more rapidly 
metabolized than is the native endotoxin which 
stimulated the formation of antibodies for more 
than 30 days. 

Alkali treatment, in contrast to reduction with 
LiAlH,, greatly decreased the immunizing po- 
tency of the Boivin antigen, as indicated by the 
large proportion of rats which failed to respond 
and by the transient appearance after 8 days of 
only single precipitin bands against all antigens. 
Serological activity, on the other hand, was re- 
tained, since the NaOH-degraded product reacted 
strongly with the development of up to three bands 
against immune sera prepared with the other anti- 
gens. The alkali-treated haptene also showed a 
strong affinity for the surface of human erythro- 
cytes, as demonstrated first by Neter and associ- 
ates (24) and confirmed by the results of the he- 
magglutination tests in these experiments. In 


1General adoption of the new terminology proposed 
by Jerne (36) is recommended, because it avoids present 
ambiguities and permits a more concise formulation of 
immunological concepts. 
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rTABLE VI 


Protection of rats against renal infection with E. coli after immunization with LiAlH,-treated endotoxin 


Deaths 
alter — 
infection Infection 


Immunized 
Nonimmunized 


Antilog [(2 log N)/n]. 


contrast, when red cells from the same source were 
exposed to the LiAlH,-treated antigen under 
identical conditions, they could not be agglutinated 
by rabbit antisera which had a titer of 1: 1000 with 
respect to erythrocytes sensitized with alkali-de- 
graded endotoxin. This finding may be explained 
by the concept that lipid-lipid interactions play 
an essential role in the attachment to red cell 
surfaces (37). 

Immunization oj rats against pyelonephritis. 
The results reported in the prevjous sections show 
that immunization of animals with the nontoxic 
antigen provided protection against the toxic ef- 
fects of E. coli. It was interesting to test whether 
this protective effect was also directed against the 
infection per se. The usual methods of determin- 
ing the resistance against lethal challenge doses 
of live E. col, however, fail to provide a measure 
of antibacterial immunity, since, under these con- 
ditions, death results primarily from the action of 
endotoxin. Experimental pyelonephritis, on the 
other hand, provides a more specific measure of 
infection by E. coli (38). 


TABLE 


Average weight at 
g & 


Geometric mean* of 
number N of viable 
E. coli per g 


Sacrifice kidney at sacrifice Log SD 


1.76 
0.71 


The results, summarized in Tables VI-—-VIII, 
show that immunization of rats with the nontoxic 
(RE I) 
against experimental pyelonephritis comparable 


antigen provided effective protection 
with that observed after immunization with the 
untreated parent endotoxin (39). The group of 
immunized animals gained weight and none of the 
rats died during the 26 days of the experiment, 
whereas the control group lost weight and three 
deaths occurred within 48 hours after the chal 
lenge infection. The geometric mean of the aver 
age bacterial count in the kidneys was reduced 25 
fold in the immunized group (Table VI). A 
more detailed analysis of these findings is sum- 
marized in Table VII, in which the individual 
kidneys of the control and immunized group are 
ranked according to their viable bacterial count 
per gram of tissue. The resulting frequency dis- 
tribution shows a striking difference between the 
Thus, 45 per cent of the kidneys of 
the immunized rats contained less than 10° viable 


two groups. 


bacteria per g of tissue compared with only 3 per 


cent in the nonimmunized controls. It is inter- 


Vil 


Protective effect of immunization with detoxified endotoxin in E. coli-infected rats 


Nonimmunized controls 


Bacteria 
g kidney 
tissue* 


Class 


interval Kidneys 


no g 


Accumulative 


Immunized rats 


Ay Av. 
grade grade 
pyelo pyelo 

nephritis nephritis 


Kidneys Accumulative 


107 1 100 
107 4 97 
10° 10 84 
106 53 
105 . 25 
10° 16 
10* 3 
10° 0 
10? 0 
0 0 0 


ll Sk lee 
Nw OO hm Ww 


* Numbers in this column represent the lower limits of each class interval ; e.g., class IV is defined by bacterial counts 
falling within 10‘ and 10° bacteria per g tissue. 
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esting to note that, in addition to the reduction of 
the mean bacterial count, immunization also causes 
a larger spread of the distribution, which is re- 
flected in a more than twofold increase of the 
standard deviation, calculated on the basis of a 
log normal distribution with respect to the bac- 
terial counts (Table VI). A similar effect has 
been observed in chemotherapeutic studies (40). 

A comparison of the bacterial counts with the 
extent of pyelonephritis (Table VII) shows no 
strict parallelism between these two manifestations 
of infection. Whereas kidneys containing fewer 
than 10* bacilli per g were free of pyelonephritis, 
the kidneys with the largest lesions did not show 
This observation is 
consistent with earlier findings which showed 
that, during the course of infection, the kidneys 
tend to become sterile, while the tissue destruction 
often continues in the absence of viable bacilli (38). 

Table VII further shows that 
greatly reduced the severity of pyelonephritis even 
in those kidneys which contained the same num- 
ber of viable bacilli as the nonimmunized controls. 
This is revealed more clearly by ranking the in- 
fected kidneys according to the extent of the 
The distribution 
(Table VIII) shows that over 90 per cent of the 
controls had lesions of all severity grades, with a 
peak frequency of grade 2. In contrast, 50 per 
cent of the immunized group was free of pyelo- 


the highest bacterial counts. 


immunization 


lesions. resulting frequency 


nephritis, and the remaining kidneys showed con- 
siderably less involvement than the controls. 

The persistence of pyelonephritis in the absence 
of viable E. coli suggests that the inflammatory 
reaction may be largely due to the endotoxin 
The 


reduction of pyelonephritis, which was observed 


formed in the kidney during the infection. 


TABLE VIII 


Reduction of E. coli-induced pyelonephritis in rats 
immunized with detoxified endotoxin 


Nonimmunized 
controls Immunized rats 

Extent —— - 
of Accumu 
lesions Kidneys lative 


Accumu- 
Kidneys lative 


100 100 
88 : 97 
68 85 
24 68 

9 2 50 


grade 


} 


— 
wwmumai- ©& 
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when kidneys of immunized rats were compared 
with controls containing a similar number of 
viable bacteria (Table VII), is consistent with this 
interpretation, since immunization with detoxified 
endotoxin has been shown to increase the resistance 
against the toxic effects of the original endotoxin. 
The resulting immunity, however, was also di- 
rected against the bacterial cells, as is obvious 


from the smaller number of viable bacteria pres- 


ent in the kidneys of the immunized rats. Since 
endotoxin is a major constituent of the bacterial 
surface and is known to produce antibodies ca- 
pable of bacterial agglutination, the more rapid 
elimination of viable bacteria in immune animals 
may be readily explained by classical immuno- 
logical mechanisms, such as enhanced phagocy- 
tosis. The lack of congruence shown by the fre- 
quency distributions of the different criteria used 
for the quantitative measurement of protection 
suggests that antibacterial immunity is a rather 
complex phenomenon which develops by a number 
of separate and at least partially independent 
mechanisms. 


DISCUSSION 


The present study describes the preparation of 
a nonpyrogenic Boivin antigen of high immuno- 
genic potency. All of the toxic phenomena tested 
—i.e., pyrogenicity for rabbits, lethality for mice, 
and induction of neutropenia in rabbits and intra- 
dermal inflammation in man—were greatly re- 
duced or abolished by a chemical procedure which 
did not seem to cause extensive fragmentation of 
the molecule. The conclusion appears justified, 
therefore, that a single molecular configuration is 
responsible for all of these toxic manifestations. 
It further follows that integrity of the molecular 
structures necessary for toxicity is not an essential 
requirement for immunogenic activity. Moreover, 
the successful separation of these two biological 
activities made it possible, for the first time, to 
study the immunizing and protective activities of 
endotoxin without interference from the effects of 
toxicity. 
A definite identi- 
fication of the chemical structures responsible for 


Chemical basis of toxicity. 


toxicity has not been achieved, mainly because the 
lack of sufficient material prevented an extensive 
chemical characterization of the detoxified prod- 


uct. While it was consistently found that only 
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preparations that were free of all detectable ester 
carbonyl were nonpyrogenic, the crude ester- 
free reaction product was still highly toxic. In 
order to obtain a nonpyrogenic material, subse- 
quent partitioning on aluminum hydroxide gel 
was necessary. This step apparently resulted in 
the adsorptive removal of toxic fractions. The 
elimination of ester-bound fatty acids by LiAlH, 
may therefore not be directly related to the process 
of detoxification.* It should also be pointed out 
that a portion of the fatty acids in endotoxin is 
bound through amide linkages (42) which are not 
split by LiAIH,. With the exception of carboxy- 
esters, there is no evidence for the presence in 
endotoxin of groups that are known to be readily 
reduced with LiAIH,. The infrared spectra of 
the reduction products indicate that most of the 
peptice linkages remained intact; acetal and gly- 
cosidic bonds in carbohydrates have generally 
been found resistant against this reducing agent 
(43). 
preservation of immunogenic potency and sero- 
It has not been determined, 


This is also supported by the observed 


logical specificity. 
however, whether LiAlH, is capable of cleaving 
phosphodiester linkages. 

Degradation studies with alkali failed to show 
a direct quantitative relationship between rate 
and extent of hydrolysis of ester bonds and re- 
duction of toxicity. At the highest concentration 
tested (C.25 N) LiOH caused only a 50 per cent 
ester hydrolysis and a fivefold reduction of lethality 
for mice. Immunogenicity, on the other hand, 
was almost completely destroyed, whereas sero- 
logical activity, in agreement with previous ob- 
servations (3, 24), was preserved. These results 
suggest that under mild alkali 
grades endotoxin primarily by attacking bonds 
other than ester linkages, most likely by hydrolysis 


conditions, de- 


of certain peptide bonds. 
The problem of the chemical basis of toxicity 
has been a matter of debate. From experiments 


with artificial complexes, Westphal concluded that 


2 Johnson (41) described the preparation from Shigella 
sonnei of a protein-lipocarbohydrate antigen which was 
devoid of lethal toxicity for mice and protected mice 
against lethal challenge doses of the parent organism. 
Although the chemical relationship of this material to 
finding 
preparations 


the toxic QO-antigens is not known, this sug- 
gests that the normally toxic O-antigen 
might be partitioned into toxic and nontoxic fractions 


even without prior chemical modification. 
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the lipid A portion was responsible for toxicity 
(7), whereas Ribi and co-workers and Tauber, 
impressed by the apparent lack of a correlation 
between toxicity and lipid content of different 
preparations (2, 20), attributed toxicity to the 
polysaccharide moiety (2). The present results, 
while not providing decisive evidence for either 
view, tend to favor the idea that toxicity is the 
result of certain physicochemical properties char- 
acteristic of the entire molecule, rather than the 
autonomous property of one of its components. 

Antigenic analysis. Further information on 
the biological properties of endotoxin was ob- 
tained from immunization studies. The rat was 
chosen as the most suitable experimental animal, 
because it responded more uniformly with the 
formation of precipitating antibodies against small 
doses of endotoxin than does the rabbit. It should 
be emphasized that the wider use of the rabbit for 
immunological studies and its superior response 
to certain other antigens does not eo ipso make 
it a more acceptable test system for immunization 
experiments with endotoxin. 

Antigenic analysis by the Ouchterlony technique 
revealed the presence of two major components in 
all preparations tested. It is interesting that, even 
with an extensively purified Boivin antigen of low 
nitrogen content, Landy, Johnson, Webster and 
Sagin found three reactive components against 
rabbit antiserum in Oudin’s agar gel diffusion test 
(3). 


shown to be immunochemically homogenous by 


So far, no endotoxin preparations have been 


such tests. 

The immunochemical relationship between the 
various antigens used for immunization and the 
effects of chemical treatment on the antigenic struc- 
ture were most strikingly reflected in the changing 
cross reactivity of the antibodies during the course 
of immunization. The precipitating antibodies ap- 


pearing early in the sera of rats immunized with 


live or autoclaved FE. coli cultures or with native 
endotoxin reacted only with ‘he latter antigen but 
not with the alkali- or LiAlH,-treated prepara- 
tions. This illustrates the close similarity of the 
30ivin antigen with the antigenic structure of the 
bacterial surface. The antibodies elicited by the 
detoxified preparation, on the other hand, immedi- 
ately gave strong cross reactions with all other 
antigens, as is evident from the appearance of two 
concentric and completely joined band systems. 
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This is contrary to the loss of reactivity toward 
the parent antigen usually observed with anti- 
bodies prepared against chemically modified anti- 
gens (44). Of considerable interest was the ob- 
servation that the reaction of the native Boivin 
antigen with its homologous antiserum consistently 
produced only one precipitin band during the ob- 
served 30-day immunization period, despite the 
presence of a second antigenic component capable 
of precipitation with the sera from rats immunized 
with the detoxified antigen. These results indicate 
that the specificity of the antibodies elicited by the 
native Boivin antigen is mainly directed against 
those molecular structures that are modified during 
the process of detoxification. 

In contrast to the extensive elucidation of the 
structural features of the polysaccharide moiety 
responsible for the O-antigenic serological speci- 
ficity (45), little is known about the factors de- 
termining the immunogenicity of endotoxin. The 
well documented loss of immunizing power after 
exposure of endotoxin to phenol suggested that the 
dissociable protein is essential for immunogenicity 
(7). This explanation is contradicted by the 
finding that the immunogenic potency of Boivin 
antigen increased during removal of associated 
protein by methods other than phenol dissociation. 
Subsequent treatment of the “protein-free” prepa- 
ration with phenol, destroyed the 
immunizing properties (1). The poor immuno- 
genicity of phenol-treated lipopolysaccharide prep- 
arations was confirmed during the present investi- 
gations. Thus, antisera of rats, immunized with 
Westphal’s highly purified lipopolysaccharide, 
failed to give any visible reaction with homologous 
or heterologous antigen when tested by the Ouch- 
terlony technique together with known reference 
samples and under the same conditions as de- 
scribed in Materials and Methods. Immunization 
of rabbits with Westphal’s preparation, on the 
other hand, produced a significant rise in hemag- 
glutinin titers. Nevertheless, the potency of the 
native Boivin antigen was still considerably greater 
than that of the phenol-extracted lipopolysac- 
charide when the two preparations were com- 
pared on an equal weight basis in the rabbit. 

Protective immunization. It is well established 
that immunization of animals with endotoxin in- 
creases their resistance against the toxic effects 
of subsequent challenge doses of endotoxin as well 


however, 
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as against infection with the corresponding or re- 
lated bacteria. The mechanisms responsible for 
these effects are often called nonspecific and, as 
implied by the term tolerance, are thought to re- 
flect a nonimmunological change in host suscepti- 
bility brought about by the toxic properties of the 
molecule. The present findings do not support 


this notion, since most of the protective effects of 
endotoxin—e.g., pyrogen tolerance, and increased 


resistance to lethal toxicity as well as to infectious 
pyelonephritis—have now been produced with a 
chemically modified antigen of greatly reduced 
toxicity. Rather, these results seem to favor an 
immunological interpretation of the observed toler- 
ance. Other observations that may be cited in 
support of this view are the passive transfer of 
tolerance with serum from tolerant animals (46), 
the tolerant fever responses observed after injec- 
tion of mixtures of endotoxin with high titer ho- 
mologous antiserum (47), the rapid rise of anti- 
body titers in response to minute doses of endo- 
toxin (3), and the linear relationship between the 
O-agglutinin titers of rabbit sera and their po- 
tency (ED,,) to protect mice against lethal chal- 
lenge doses of the homologous organism (Salmo- 
nella typhosa) (3, 48). 

The preparation of effective, nontoxic vac- 
cines against gram-negative bacteria has been an 
unsolved problem of great practical importance. 
An interesting new approach was the recent prep- 
aration by Liideritz, Westphal, Staub and Le 
Minor of an artificial antigen with colitose as the 
determinant group (49). Goats immunized with 
this preparation elicited antibodies capable of ag- 
glutinating certain strains of FE. coli. It would be 
interesting to know whether these antigens are 
also capable of providing immunological protection 
against the toxic effects of endotoxin and against 
infection. The approacu reported here appears 
to be of practical value, since it has been shown 
that chemical modification of a therapeutically 
interesting antigen may serve to improve its de- 
sirable properties, such as immunogenic potency, 
range of cross reactivity and freedom from toxicity. 
Efforts are now being made to determine the op- 
timal conditions of detoxification, to standardize 
the reproducibility of the procedures and to in- 
crease the yields of the detoxified antigen for fur- 
ther chemical studies and for vaccination trials in 
man. 
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SUMMARY 


The preparation of a nonpyrogenic Boivin anti- 
gen by reductive treatment with LiAlH, is de 
scribed. Infrared spectroscopic studies showed 
that this procedure resulted in the elimination of 
ester-bound fatty acid. 

The chemically modified product showed vir- 
tually no toxicity when tested for lethality in mice 
(LD,, > 1.0 mg) and no pyrogenicity in rabbits 
(0.1 mg); it also failed to cause leukopenia in 
rabbits (5 wg) or intradermal inflammation in man 
(0.1 pg). 

Comparative studies showed that reduction with 
LiAlH, and controlled hydrolysis with LiOH 
gave products of different chemical and biological 
properties. Mild alkaline hydrolysis, while vir- 
tually abolishing immunogenicity in rats, caused 
only moderate reduction of the pyrogenicity for 
rabbits and lethal toxicity for mice. 

Immunization of rabbits with the detoxified ma- 
terial induced typical pyrogen tolerance, and im- 
munization of mice caused the same increase of 
resistance to lethal challenge doses of regular en- 
dotoxin as was observed after immunization with 
the parent endotoxin. 

The formation of precipitating antibodies after 
immunization of rats with various endotoxin prep- 


arations was studied by Ouchterlony’s agar gel 


diffusion technique. The sera of rats immunized 
with the detoxified product produced the earliest, 
strongest and most completely cross-reacting pre- 
cipitin bands of all of the antigens tested. 

Significant protection of rats against E. coli- 
induced pyelonephritis was observed after immu- 
nization with the nontoxic antigen. 
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Urea is the principal end-product of nitrogen 
metabolism in mammals and is excreted almost 
entirely through the kidney. Studies by Shannon 
(1, 2) in the dog and by Chasis and Smith (3, 4) 
in man have shown that the renal clearance of 
urea is less than the inulin or creatinine clearance 
at all rates of urine flow, and that the clearance of 
urea increases as the urine flow rises. These ob- 
servations are consistent with the hypothesis that 
urea is filtered at the glomerulus and that a por- 
tion of this filtered load diffuses out of the nephron 
as the fluid passes from glomerulus to renal pelvis. 

During the past few years a considerable amount 
of evidence has accumulated that urea has a unique 
The 


maximal urinary concentration achieved during 


role in the renal concentrating mechanism. 


antidiuresis is reduced by a low protein diet (5-8). 
The addition of urea to such a low protein diet will 
return the maximal urine concentration to near 
normal levels. In medullary tissue slices removed 
from the kidneys of antidiuretic dogs, it has been 
shown that urea is one of the principal solutes 
(9-11). 


(11, 12) have proposed a mechanism by which 


Levinsky, Davidson, Berliner and Eden 


urea, accumulated in the inner medulla passively, 
is able to add to the urine osmolality. During the 
passage of tubular fluid along the collecting duct, 
the urea concentration rises progressively as water 
moves into the medullary interstitial space along 
the osmotic gradient created by the active trans- 
port of sodium in the medulla. The rising urea 
concentration in the collecting duct establishes a 
concentration gradient along which urea moves 
into the inner medulla. The urea which diffuses 
into the inner medulla serves to balance an equi- 
osmolal amount of urea in the collecting duct, leav- 
ing most of the medullary sodium free to balance 
It has 


recently been demonstrated that the permeability 


other osmotic constituents in the urine. 


of the collecting duct to urea is increased by vaso- 


* Present address: Department of Medicine, Strong 
Memorial Hospital, Rochester, N. Y. 


pressin (13) and that the concentration achieved 
in the medullary tissue by this mechanism depends 
upon the fact that the collecting duct is less perme- 
able to urea than to water (14, 15). 
pothesis is consistent with the concept proposed 
by Chasis and Smith and by Shannon, that urea 
is handled passively by the kidney. 

The possibility that urea excretion is regulated 
at the tubular level has recently been re-examined 
by Schmidt-Nielsen (16). It has been 
that the regulation of urea excretion in the camel 
(17) and sheep (18, 19) is dependent largely 


This hy- 


shown 


upon the animal’s requirements for protein and 
only partially upon the plasma urea level, the 
glomerular filtration or the urine flow. 
the sheep on a low protein diet reabsorbs a larger 


Thus, 


fraction of the filtered urea than does the same 
animal on a normal protein intake. 

Studies by Gamble, McKhann, Butler and Tut- 
hill (20) have shown that, by replacing sodium 
chloride with an equiosmolar amount of urea in 
the diet of rats, the volume of urine required to 
excrete a given solute load is reduced. However, 
as the volume of urine decreased in their ex- 
periments, so did the water intake. Thus, it is 
impossible to determine whether the drop in urine 
volume preceded or followed the decrease in wa- 
ter intake. 
have re-investigated the effect of urea on urine 
In an attempt to avoid the 


Crawford, Doyle and Probst (21) 


concentration in rats. 
problem of interpretation encountered in Gamble’s 
work these authors gave their experimental ani- 
mals a daily injection of vasopressin. They dem- 
onstrated that in rats on a low protein diet urea 
supplements decreased the urine volume and in- 
creased the urinary non-urea solute concentration. 
The decrease in urine volume might again be at- 
tributable to a primary effect on water intake. 
However, the effect of urea supplements on the 
non-urea solute concentration suggests that urea 
may influence the active transport mechanisms of 
the renal tubule. 
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EFFECT OF UREA ON URINE CONCENTRATION IN THE RAT 


The studies reported here were done to re- 
evaluate the role of urea in the renal concentrating 
mechanism of the rat. It has been confirmed that 
urea supplements given to rats on a low protein 
diet increase the ability of rat kidneys to concen- 
trate the non-urea solute of the urine, and it is 
further shown that rats with a low urine urea 
concentration, whether produced by a low protein 
diet or by a mannitol infusion, can have a sig- 
nificantly higher urea concentration in the renal 
papilla and inner medulla than in the urine. 


METHODS AND MATERIALS 


Rats were maintained on an artificial diet (22) modi- 
fied to contain a low protein (5.8 per cent casein) and 
high salt (1.6 per cent sodium chloride) content or on 
Purina rat chow for at least 10 days before the experi- 
were begun. Rats receiving urea supplements 
were fed the low protein diet described above with 1.8 


Food and water were given ad 


ments 


urea added. 
No measurement of intake was made, but the 
body weight of almost all the rats was constant or 
Vasopressin 


per cent 
libitum. 


showed a slow increase while on the diet. 
when used was given intramuscularly as Pitressin tan- 
nate in oil (Parke, Davis; lot 302), 500 mU daily. 

In the 
first group 24-hour urine collections were obtained in 


Two kinds of experiments were performed. 


special cages constructed to immobilize the rat horizontally 
In this way urine could be col- 
food or water 
and yet rats could be allowed food and water. Urine 
At the end 
of every 24-hour collection period, urine was expressed 


wire 
contamination by 


on wide mesh 


lected with no feces, 


was collected under mineral oil and toluene. 


from the bladder of each rat until the urinary bladder 
was no longer palpable. For tissue analysis, rats were 
sacrificed by exsanguination and the kidneys immediately 
removed. A slice was cut from the center of each kid- 
ney perpendicular to a line joining the poles of the kid- 
ney and placed between Parafilm in a refrigerator at 
+4° C. These slices were carefully dissected under a 
magnifying lens, weighed, and homogenized in water for 
analysis. Figure 1 is a schematic representation of the 
anatomy of the rat kidney and the approximate division 
between the 
periments. 


various slices as dissected in these ex- 


than 
moving the kidney and homogenizing the slices. 


Less 5 minutes elapsed between re- 
Tissue 
homogenates were not boiled or centrifuged but were 
promptly analyzed for urea or frozen until the analyses 
could be performed. 

In the second group of studies experiments were per- 
formed by collecting urine from the ureters of anesthetized 
rats. Animals on a low protein diet as well as chow- 
fed rats were used. Under ether anesthesia, the abdo- 
men was opened and a piece of no. 10 polyethylene cath- 
eter placed in one ureter. Upon completion of three or 
more collection periods, the kidney was removed, sliced 
as hefore, and analyzed for urea. Some rats on each 
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Fig. 1. 
OMY OF 


A SCHEMATIC REPRESENTATION OF THE ANAT- 
THE RAT KIDNEY TO INDICATE THE POSITION FROM 
WHICH VARIOUS SLICES WERE REMOVED. 


diet received infusions of 15 per cent mannitol at rates 
varying from 0.25 to 4.8 ml per hour for 0.5 to 3.5 hours 
before samples were collected. 

Urea determinations were performed on tissue and 
urine by the microdiffusion method of Conway (23) and 
were corrected for any ammonia present by subtracting 
an ammonia blank. Sodium and potassium concentra- 
tions were determined with flame photometry (Baird- 


Atomic) with a lithium chloride internal standard. 


Osmolality was determined by freezing point depres- 
24). drying 
slices from 3 groups of 2 rats each and averaging the 
values. All corrected for 
these water contents. The non-urea solute concentration 
of the urine was approximated by subtracting the de- 


sion Tissue water was determined by 


tissue concentrations were 


termined urea concentration from the osmolality esti- 
mated from the freezing point. 


RESULTS 


The first set of experiments was performed to 
measure the effect of urea supplements on the urea 
and non-urea solute excretion of rats on a low pro- 
tein, high salt diet. After 10 days on this diet col- 
lection periods were begun. 
able variation in the non-urea solute concentra- 
tion achieved in consecutive collections from the 


There was consider- 


same rat. 
can be seen in Table I that five of the six rats re- 
ceiving urea supplements were able to concentrate 
the urinary non-urea solute above 1,400 mOsm on 
In 16 of the 29 collections 
from these rats the non-urea solute concentration 


In spite of this variation, however, it 


at least one occasion. 


was greater than 1,300 mOsm. In sharp con- 
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rABLE I 


Effect 


; 


of urea supplements on the non-urea solute concentra- 
NUSC) in 24-hour urine collections from rats on a 
low protein diet 


on 


With urea supplements Without urea supplements 


Number 
collected 


Number 


Highest NUS( Highest NI collected 


s 
1,462 
1,521 
1,557 
1,339 


1,411 
1,614 


1,156 
1,214 


eNO 


\verage 1,484 


trast are the data from the seven rats not receiving 
urea supplements. Only one rat in this group had 

non-urea solute concentration as high as 1,300 
mOsm, while the others had non-urea solute con- 
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1,214 mOsm on all oc 


Urea supplements thus enable rats on a 


centrations at or below 
casions. 
low protein diet to increase the maximal non-urea 
solute concentration of their urine. These findings 
are in agreement with the observations of Gamble 
and co-workers (20) and Crawford, Doyle and 
(27). 


7 Issue analysis. 


Probst 


The results of tissue analysis 
) 


from two groups of rats are shown in Figures 2 


and 3. The urine values for sodium and urea 


plotted on the right-hand side of each figure were 
determined on 24-hour urine collections, ending 


at the time the animal was sacrificed. In Figure 


2 the tissue values for sodium and urea in six 


normal rats not receiving exogenous vasopressin 


are presented. In these animals there is an in- 


| 
URINE | 


CONCENTRATION 


SIX NORMAL RATS FED A CHOW 


The upper frame contains 
lower frame the corresponding data 


The concentration in wEq per g of water or per ml is plotted 


against the position of the tissue slice from which the analyses were obtained 





EFFECT OF 


UREA ON URINE CONCENTRATION IN THE RAT 





500, 
400} 


UREA 300+ 
CONCENTRATION 


@eArdeon 


SODIUM 
CONCENTRATION 
pBEQ/gmH,0 


Fic. 3. TisSUE AND URINE 





aa 


CONCENTRATION 


R MEDULLA’ PAPILLA 


ANALYSES FROM SEVEN PROTEIN-DEPLETED RATS 


The upper frame contains the urea data, the lower frame the sodium data. 


The tissue concentrations per g of water are plotted against the position of 


the slice from which they were obtained. 


crease in the tissue sodium concentration between 
the cortex and papilla, and in all cases the urine 
sodium concentration is less than the papillary 
sodium concentration. The tissue urea concen- 
tration also rises progressively from the cortex 
rats the 
urine urea concentrations are as high as or higher 
A similar 


through the papilla. In all of these 
than the papillary urea concentration. 
group of experiments was performed on six nor- 
mal rats given vasopressin with essentially the 
same results. 

The results of analyses of tissues from the rats 
on the low protein diet without urea supplements 
are shown in Figure 3. The rise in sodium con- 
centration from cortex to papilla resembles that of 
nermal rats, but in contrast with the previous 


analyses from normal rats, the urine sodium con- 
centration is higher than the tissue sodium con- 
centration. The tissue urea again shows the rise 
in concentration from cortex to inner medulla but 
only a small rise from inner medulla to papilla. 
In two rats the urea concentration in the inner 
medulla is actually higher than the papillary urea 
Even more striking is the fact that 
the urine urea concentrations are less than the 


concentration. 


papillary urea concentrations in all seven animals. 
The implication of these data and data from 16 
other protein-depleted rats, which showed essen- 
tially the same findings, is that the rat on a low pro- 
tein diet is able to accumulate urea in the medulla 
at a concentration up to two or three times greater 
than that in the urine. 





GEORGE A. BRAY AND AGNES SCOTT PRESTON 


TABLE II 


Urea concentration in the urine and papilla of rats maintained on a low protein diet 


. Infusion 
Papilla Rote 


Urine* Urine Papillary Papillary ee 
flow urea urea urea Urine Rate 


Duration 


ml /hr pmoles/ml umoles pmoles, ml /hr min 
g wet wt g HO 
Group I, no infusion 


P-1 0.52 74 58 72 
P-2 0.50 76 70 84 
P-3 0.12 48 68 84 
P-5 0.60 45 83 104 
0.45 39 71 88 

0.50 133 151 189 

0.06 323 399 499 

85 102 128 


= 
.o) 


pm fem fem ek BND END et ee 
Un Un im be se 
COUN Uk Ue sa 


Average 


( 


Group II, 15% mannitol infusion 


P-13 0.12 43 
P-14 0.14 44 
P-15 0.18 104 
P-16 0.12 8 
P-17 0.16 60 
P-18 0.40 33 
P-19 8 28 
P-20 6 21 


Oaamnuwnnu 


NN ND We DW 
aaaaaes 


> 
OOOO NM NNN h& 


Average 


* Urine collected from catheter in ureter; flow from one kidney. 
+ Because of the aberrant value for urine urea concentration, data from this rat have been omitted from calculation 


of the averages 


In order to make certain that the urea concen- ureter of anesthetized (ether) rats. This proce- 
trations found in papilla and medulla represented dure also served to exclude significant losses of 
those present at the time that the urine was formed, urea during flow through ureter and_ bladder. 
urine was collected directly from the catheterized When relative stability of urine flow and urea con- 


TABLE Ill 


Urea concentration in the urine and papilla of rats maintained on a chow diet and infused with 15% mannitol 


Infusion 
Urine* rine Papillary Papillary Papilla 
flow urea urea Urine Rate Duration 


ml /hr pmoles /ml pmoles pumoles/ ml/hr min 
g wet wt 2 HO 
0.08 939 454 545 0.58 0.25 30 
0.12 hs 4 493 617 0.49 0.25 30 
0.06 908 557 696 0.77 0.25 30 
0.60 167 149 187 1.32 0.40 150 
0.30 481 363 454 0.94 0.40 180 
0.18 904 496 620 0.69 0.40 150 
0.10 ,004 515 644 0.64 0.40 135 
0.34 307 170 212 0.69 120 
0.94 155 138 172 1.11 90 
70 61 76 1.09 105 
48 60 75 1.58 90 
38 58 73 1.90 180 
39 51 64 1.64 180 
ae 55 68 1.32 195 
45 49+ 61 1.34 210 


0 
a 


~ 
~ 


wWreownrbst 
d= te DO OO Hh 


7 
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* Flow from one kidney. Urine collected from catheterized ureter in ether-anesthetized animal. 
+ Value used is urea concentration in inner medulla. Papillary urea concentration = 36.0 umoles per g wet weight. 
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centration had been established by successive urine 
collections, the animals were sacrificed and tissue 
analyses carried out as described above. 

The results of experiments in rats maintained on 
a low protein, high salt diet are presented in Table 
II. Group 1 (Rats P-1 to P-10) received no 
infusion prior to collection of the urine. In all 
but one of the rats in this group, the urea concen- 
tration in the papilla was higher than that in the 
urine, with an average concentration ratio of 1.61. 
These findings establish more conclusively that, 
in the rat kidney, urea may be accumulated at a 
higher concentration in the medullary tissue than 
in the urine. Rats in group 2 were studied at two 
rates of mannitol infusion. In all rats in this group 
the tissue urea concentration was higher than the 
urea concentration in the urine, with an average 
papilla to urine ratio of 2.31 and a range of 1.36 
to 3.10 (excluding a single aberrant value of 13.2). 

The ability of the kidneys of rats on a low pro- 
tein diet to maintain a significant papilla to urine 
gradient for urea during mannitol diuresis led to 
a series of experiments in which mannitol was in- 
fused into normal rats to test whether the low 
protein diet was essential to this phenomenon or 
whether a reduced urea concentration of the urine 
was itself the determining factor. Sixteen rats 
that had been fed a chow diet were anesthetized 
with ether, and ureter was catheterized. 
They were infused with 15 per cent mannitol at 
rates varying from 0.25 to 4.8 ml per hour for pe- 
riods varying from 30 to 210 minutes before urine 
was collected and the animals sacrificed for the 
performance of tissue analyses. The results are 
presented in Table III. As the rate of mannitol 
infusion was increased, the urinary urea concen- 
tration fell and, with the fall in urine urea con- 


one 


centration, the papillary urea concentration be- 
came equal to or higher than the urinary urea con- 
centrations. In Rats S-5 and S-10 to S-16 in 
which the urea concentration of the papilla ex- 
ceeded that in the urine, the urea concentration in 
the urine was less than 170 wmoles per ml. 


DISCUSSION 


The possibility that urea might be actively 
transported in the mammalian kidney has been 
discussed in detail by Schmidt-Nielsen (16) but 
direct evidence has been limited to the work in 


1957 
sheep. Studies of kidney slices from sheep which 
have been maintained on a low protein diet (1.9 
per cent) show a higher urea concentration in the 
medulla than in the urine (25). The highest urea 
concentration in kidney slices from these sheep 
was regularly found in the inner zone of the 
outer medulla. in the 
inner medulla was always lower than in the outer 
medulla but still higher than inthe urine. Schmidt- 
Nielsen and O’Dell (25) have suggested that urea 
might be actively transported by the thick portion 
of the ascending limb of Henle’s loop and that the 
collecting duct of the sheep might be impermeable 
to urea. The findings in the rat differ from those 
of Schmidt-Nielsen and O’Dell in the sheep in 


The urea concentration 


several respects: in the rat, the highest tissue urea 
concentrations were found in the papilla or inner 
medulla, and the concentrations in both of these 
regions were higher than in the inner stripe of 
the outer medulla; and the urea concentration in 
the inner stripe of the outer medulla was usually 
lower than that in the urine. 

There are two mechanisms by which the urea 
concentration in the medullary tissue might be- 
come higher than the urine urea concentration. 
Che first of these involves transport of urea by the 
loop of Henle. The work of Wirz, Hargitay and 
Kuhn (26-28), Gottschalk and Mylle (29), and 
Berliner and co-workers (12) has focused atten- 
tion on the importance of the countercurrent mul- 
tiplier of the loop of Henle in producing hyper- 
tonicity in the medulla and consequently in the 
urine. The over-all effect of such a process is to 
deposit solute without water in the renal medulla 
by the active transport of sodium out of the loop 
of Henle and to remove the excess water as hypo- 
tonic fluid in the loop of Henle (27, 29, 30). Un- 
der most circumstances sodium is believed to be 
the solute which is actively transported in the 
loop. It is conceivable that urea could be ac- 
tively transported by the loop of Henle and its 
concentration multiplied by the 
flow in this structure. 

The micropuncture studies of Lassiter, Gott- 
schalk and Mylle (31) appear to eliminate the 
loop of Henle as the site of active urea transport. 
They have shown that the tubular fluid to plasma 
ratio for urea in the proximal tubule is 1.5 and for 
inulin 3.0. In the first portion of the distal tu- 


countercurrent 
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hule, this ratio for urea is 7.7 and tor inulin 6.9. 
Thus, in the normal rat kidney more urea leaves 
the medulla in the loop of Henle than enters from 
the proximal tubule, and this excludes a counter- 
current multiplication of urea concentration by the 
loop as primarily responsible for the accumulation 
of urea under the conditons of their study. 

The other structure that might transport urea 
is the collecting duct. Most of the evidence on 
the role of urea in the medullary concentrating 
mechanism in the dog implies that during antidiu- 
resis, the collecting duct is permeable to urea, and 
that urea accumulates along a concentration gradi- 
ent created by the removal of water from the col- 
lecting duct. Jaenike (13) has shown that, in 
the dog under the influence of vasopressin, the 
permeability of the collecting duct to urea is in- 
creased. However, in the experiments reported 
here the collecting duct of the rat on a low pro- 
tein diet appears to be relatively impermeable to 
urea. In normal rats on a chow diet the urine 
urea concentration is invariably higher than the 
urea concentration in the papilla. Under these 
circumstances the medullary urea might rise by 
passive diffusion from the collecting duct. How 
ever, the infusion of 15 per cent mannitol into 
normal rats will lower the urea concentration in 
the urine and bring out the ability of the papilla 
to concentrate urea. Unless the permeability of 
the collecting duct changes during the infusion of 
mannitol, it would be reasonable to assume that 
the collecting duct of the rat is impermeable to 
urea on both normal and low protein diets. Thus, 
under most conditions, urea appears to enter the 
medulla by a carrier-mediated process of facili- 
tated diffusion. Only by lowering the urea con- 
centration in the collecting duct sufficiently would 
it be possible to bring out the ability of the rat 
kidney to concentrate urea. 

Transport of urea across the collecting duct 
from urine to peritubular space would operate in 
two ways to concentrate the urine: 7) by reduc- 
ing the volume of fluid remaining in the collecting 
duct, and 2) by raising the medullary urea concen- 


When 
the concentration of urea in the collecting duct is 


tration above that in the collecting duct. 


higher than that in the peritubular space, the ef- 
fect of urea transport would be identical with that 


which could be achieved by the passive diffusion 
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of urea, as in the mechanism proposed by Berliner 
When the 
concentration of urea in the collecting duct is 


and associates (12) and Jaenike (13). 


equal to that in the medullary interstitium, active 
transport of urea would raise the interstitial urea 
concentration at the expense of that in the urine. 
the of 
urea solute in the urine in accord with the ob 
(21) 
would not yielei a further increase in total urine 
the 
urine volume resulting from urea transport would 


This would increase concentration non 


servation of Crawford and co-workers but 


concentration. Furthermore, reduction in 


make possible a greater increase in urine concen- 
tration from a given amount of sodium trans- 
ported by the loops. 

The urea gradient that can be achieved between 
medullary interstitium and collecting duct fluid 
1) the 


rate of transport of urea from tubular fluid to 


should depend upon a number of factors: 


peritubular space; 2) the rate of diffusion of urea 
from medulla back into the collecting duct; 3) 
the rate at which urea is lest from the medulla 
by the countercurrent flow in the blood vessels 
and in the loop of Henle; and 4) the proportion 
of non-urea solute in the urine. A high perme- 
ability of the collecting duct to water and a rela- 
tive impermeability to urea assumed, the ability 
to demonstrate urea accumulation by the medulla 
will depend upon the rate at which urea is re- 
moved from the collecting duct, and the proportion 
In the 


experiments with rats on a low protein diet where 


of non-urea solute in the collecting duct. 


sodium chloride accounted for most of the solute 
in the collecting duct, or in the experiments with 
mannitol infusions in which mannitol was the prin 
cipal solute, a low rate of urea transport by the 
collecting duct would have become apparent as a 
higher concentration of urea in the medulla than 
in the urine. In experiments where urea com 
prised a larger proportion of the solute in the 
collecting duct, a gradient for urea could not be 
demonstrated between medulla and urine, pre- 
sumably because the rate of urea transport by the 
collecting duct was too low relative to the amount 


of urea in the collecting duct. 


Klumper, Ullrich and Hilger (32) have demon- 


strated that urea is lost from the collecting duct 
of 
Although consistent with passive movement of urea 


the golden hamster during antidiuresis. 
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from collecting duct to interstitium, the observa- 
tions reported here on the rat, and those of Las- 
siter and associates (31), introduce the possibility 
that the movement of urea out of the collecting 
duct of the hamster is due to active transport. 

All micropuncture studies in mammals have 
used rodents as the experimental animal, but the 
data so obtained have been applied to other mam- 
malian species under the assumption that the kid- 
The 


observations presented here which support the 


neys of all species behave in a similar way. 


concept that urea is actively transported by the 
collecting duct of the rat differ from observations 
under similar conditions in the dog in which urea 
is thought to accumulate in the inner medulla by 
passive diffusion from the collecting duct. Such 
findings re-emphasize the need for caution in 
generalizing, to dogs or other species, micropunc- 
ture data obtained from rodents. 


SUM MARY 

Kats on a low protein, high salt diet receiving 
supplementary urea produced urine containing a 
significantly higher non-urea solute concentration 
than did rats on a similar diet but without urea 
supplements. The concentration of urea in the 
papilla and inner medulla from these and other 
rats on a low protein, high salt diet was as much 
as three times the concentration of urea in 24- 
hour urine collections. Experiments with nor- 
mal and protein-depleted rats, in which urine was 
collected from a single ureter under ether anes- 
thesia, further showed that the demonstration of 
urea accumulation in the medulla of the rat ap- 
pears to be dependent upon the presence of a low 
urinary urea concentration and, hence, a consid- 
The re- 


erable proportion of non-urea solute. 
sults of these experiments indicate that: 7) urea 
supplements to a low protein, high salt diet in- 
crease the concentration of non-urea solute in rat 
urine; 2) the rat kidney is able to concentrate 


urea in the medulla, presumably by an active 


transport mechanism located in the collecting duct ; 
and 3) under the conditions of these experiments 
the collecting duct of the rat must be relatively 


impermeable to urea. 
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CORRECTION 


On page 1287 of the article entitled “Glucagon Antibodies and an Immuno- 
assay for Glucagon” by Roger H. Unger, Anna M. Eisentraut, M. S. McCall 
and Leonard L. Madison (J. clin. Invest. 1961, 40, 1280), the units uwequiva- 


lents and wEq are incorrect in Table III and in the text below. In the table, 
the unit of measurement for B/F ratios and glucagon concentrations should 
be wug equivalents per ml and the total glucagon content of organ at the bot- 
tom of column 1 should be in wg equivalents. In the text, lines 7-12 should 
read: “The estimated glucagon concentrations are expressed in micro- 
microgram equivalents of beef-pork glucagon per milliliter. Calculations 
of the total glucagon content of pancreas of both species range from 12.5 
to 36.3 ug Eq of beef-pork glucagon.” 





A STUDY OF THE HYPERURICEMIA INDUCED BY HYDRO- 
CHLOROTHIAZIDE AND ACETAZOLAMIDE SEPA- 
RATELY AND IN COMBINATION * 


By JOHN H. AYVAZIAN f{ anv L. FRED AYVAZIAN 


(From the Department of Medicine, New York University School of Medicine, N. Y.) 


(Submitted for publication May 24, 1961; accepted July 6, 1961) 


The which the chlorothiazide 


drugs produce hyperuricemia is not known, but 


mechanism by 


the frequent and simultaneous reduction in renal 
clearance of uric acid suggests a tubular effect 
(1-3). Gutman, Yu and Sirota (4) have demon- 
strated a similar decrease in uric acid clearance 
after acetazolamide * therapy, and more extensive 
Frascarelli, Lucidi and Cozzali (3) 
have not only confirmed this but have shown that 


studies by 


levels of hyperuricemia induced by acetazolamide 
equal those produced by chlorothiazide * and hy- 
drochlorothiazide.* The present studies were de- 
signed to confirm these previously reported find- 
ings, and to determine whether the effects of these 
drugs were additive. Complete urinary uric acid 
excretions and clearances were also done to test 
the dependence of the hyperuricemia upon dimin- 
ished output. 

The findings confirm those of Frascarelli and 
associates but differ in indicating a greater hy- 
peruricemic activity for hydrochlorothiazide than 
for acetazolamide, and in demonstrating an ad- 
ditive effect when these drugs are used in combina- 
tion. Still more significantly, these studies show 
that in low doses, hydrochlorothiazide increased 
the excretion of uric acid with an associated hy- 
peruricemia. 

METHODS 


Normal, healthy medical students were used as the 
subjects for this study. They were required to ingest 


low purine diets, starting 48 hours pricr to the first day 


grants (E-2757-C2 and 

A-3692) from the National Institutes of Allergy and 

Infectious Diseases, and Arthritis and Metabolic Dis- 

eases; and The I. W. Held Memorial Fellowship Fund. 
+I. W. Held Fellow. 


Lederle 


* Supported by research 


1 Diamox, (2-acetylamino-1,3,4-thiadiazole-5- 
sulfonamide). 

2 Diuril, Merck (6-chloro-7-sulfamyl-1,2,4-benzothiadia- 
zine-1,1-dioxide). 

3 Hydrodiuril, Merck (6-chloro-7-sulfamyl-3,4 dihydro- 
1,2,4 benzothiadiazine-1,1-dioxide). 


of study, and their use of salicylates, vitamins and caf- 
feine-containing beverages was curtailed. Fasting blood 
specimens were collected each morning at intervals of 
24 hours; the plasma was separated and frozen until time 
for chemical analysis. For the duration of the study 
each subject collected his total output of urine in 24- 
hour with 
These specimens were analyzed 


using l-gallon plastic containers 


toluene as a preservative. 


aliquots, 


daily, immediately after measurement of each total vol- 
ume, except at weekends when the urine aliquots were 
diluted 1:10 with distilled 
The purpose of these dilutions was to prevent precipita- 
tion of uric acid with its loss to chemical quantitation. 


water and stored at 4° C. 


Uric acid was measured according to Brown’s modi- 
fication of the urea cyanide colorimetric method, and 
creatinine content was determined by Phillip’s modifi- 
cation of the alkaline picrate method (5). Duplicate 
analyses were performed on all specimens, and when 
the creatinine content varied by more than 10 per cent 
from the mean (or if the subject reported inadvertent 
or accidental loss of significant degree), the specimen 
was eliminated from the study. As a precaution against 
the possibility that a drug chromagen might interfere 
with these colorimetric analyses, the uricase method of 
Praetorius and Poulsen (6) was used to check samples 
of blood and urine. 
RESULTS 


Plasma studies. The following data refer only 
to a) the plasma uric acid levels just prior to and 
following medication, and b) the group of sub- 
jects with control uric acid levels falling below 
the usually accepted upper normal limit of 6.0 mg 
per 100 ml. The initial (control) specimen was 
taken after at least 48 hours of low purine diet and 
immediately preceding the administration of drug. 
The next three plasma uric acid values refer to 
specimens drawn 24, 48 and 72 hours after the 
control, during which intervals all subjects ex- 
cept those in the control group continued the medi- 
cation. Table I lists the mean uric acid levels 
(calculated to two decimal places) and the range 
of the daily levels found in each of the four groups 
of subjects studied. 


The control group consisted of 15 subjects 
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Plasma uric acid levels: mean values and 


lime in hours 


Group, No. 


Control, 15 


\c etazolamide, 


14 


Hydrochloro., 
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12 7 3 3-6. 3.7 
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5.40 
6.6 }.2—-6.8 


5.99 


ia 4.8-8.1 


YVAZIAN 


I 
] 


range 


Significance 


Difference between 
7 of difference 


0-72 hours 


0.08 
0.6 to +0.4 


+0.59 

4.0-6.1 0.1 to +1.5 
+0). 87 

+0.2 to +1.6 


5.49 


+1.76 
+0.8 to +2.8 


6.53 


* Values are in mg per 100 ml plasma. All subjects were maintained on a low purine diet. 


restricted to low purine diets but given no drug. 
These levels ranged from 3.4 to 5.8 mg per 100 
ml (mean, 4.94) on the first day, and 3.5 to 5.5 
mg per 100 ml (mean, 4.86) on the third and 
final day. Although the individual daily variations 
ranged up to 1.0 mg per 100 ml, these occurred 
at random without a discernible trend or pattern 
for the group. 

In the second group were 14 subjects who re- 
ceived acetazolamide in doses of 1 g (250 mg at 
9 a.m., 1 p.m., 5 p.m. and 9 p.m.) each day for 3 
days. Their initial plasma uric acid levels ranged 
from 3.5 to 5.6 mg per 100 ml (mean, 4.72) and 
their levels rose after medication. The magnitude 
of these variations was only slightly greater than 
that of the control group, but a clear and con- 
sistent trend was apparent, with the plasma uric 
acid rising to levels of 4.0 to 6.1 mg per 100 ml 
(mean, 5.31) by the third day. 
in this group of 14 failed to increase his third 


Only 1 individual 


day level over his control level. 
Each of the 12 subjects in the third group re- 
ceived 50 mg hydrochlorothiazide (25 mg at 9 


Initial plasma 


a.m. and 5 p.m.) daily for 3 days. 
uric acid values in this group ranged between 
2.7 and 5.9 mg per 100 ml (mean, 4.62) and after 
3 days of drug ingestion, all 12 rose to new levels 
varying from 4.2 to 6.8 mg per 100 ml (mean, 
5.59). 


Each of the 11 subjects in the fourth group re- 


ceived 50 mg hydrochlorothiazide and 500 mg 
acetazolamide (in divided doses at 9 a.m. and 5 


p.m.) daily for 3 days. In this group the initial 
plasma uric acid values ranged from 3.4 to 5.4 mg 


per 100 ml (mean 4.77). After therapy the levels 


1 


increased in all 11 subjects; the third and final 
readings extended from 4.8 to 8.1 mg per 100 ml 
(mean, 6.53). 

In each of these four groups the uricase method 
of Praetorius and Poulsen was used to check the 
results of three of the subjects and to confirm the 
relative changes in plasma uric acid levels. 

Statistical analysis of each of these groups (com- 
paring the initial with the final plasma levels) by 
Wilcoxan’s signed-rank test (7) shows that vari- 
ations in plasma uric acid levels were insignificant 
in the control group, but significant with a prob- 
ability of less than 0.01 for those medicated with 
acetazolamide and hydrochlorothiazide separately 
and in combination. 

By using the Wilcoxan-White two-sample rank 
test (7) to compare each of these groups with the 
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Uric acid renal excretion and clearance studies 
while receiving acetazolamide (Subject R.H.)* 


Mean urine 
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* C: control period, low purine diet; Rx: drug period (acetazolamid 
1 g in 4 divided doses daily for 7 days): PRx: post-drug period with low 
purine diet continued, 
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TABLE 


Uric acid renal excretion and clearance 


Control period 4 days 


Subject Mean 


Plasma uric acidt 
Urine uric acidt 
Clearance§ 


Plasma uric acid 
Urine uric acid 
Clearance 
Plasma uric acid 
Urine uric acid 
Clearance 


622 
6.0 


\cetazolamide, 1 g daily in 4 divided doses 
t Mg/100 ml plasma 
Mg/24 hrs. 
§ MI/min. 
others. no significant variation is found in the 
initial plasma levels of all four groups. How- 
ever, the elevated third-day plasma levels in the 
acetazolamide, hydrochlorothiazide and combined- 
drug groups differ significantly from the corre- 
sponding final levels in those receiving no drug, 
with p values of less than 0.01. Comparison of 
the degree of change in plasma uric acid levels 
induced by acetazolamide and hydrochlorothiazide 
shows the increased levels in the hydrochlorothia- 
zide group to be significant, with p equal to 0.05. 
Moreover, the hyperuricemia produced by com- 
bined therapy is significantly greater than that of 
each drug alone, with p less than 0.01. 
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studies while receiving acetazolamide *: 


Range 


1963 


Ill 
mean values and ranges 


Drug period 4 days Post-drug period 4 days 


Mean 


3.8 


Mean Range Range 


aa 
610. 
10.3 


3.4-3. 
450-5 
9.2 


5.9-7 
518-635 
5.2-7.5 


Plasma and urine studies. The hyperuricemia 
induced by acetazolamide is associated with a de- 


Table II 
Dur- 


creased urinary excretion of uric acid. 
lists the data obtained from Subject R.H. 
ing the 4-day control period his calculated renal 
clearance of uric acid ranged from 10.7 to 12.0 ml 
per minute. Acetazolamide caused a relative hy- 
peruricemia and a diminished excretion of uric 
acid, with a marked decrease in the renal clearance 
(which fell to levels ranging from 5.8 to 9.0 ml 
per minute). In the recovery period after the drug 
was discontinued, no increased excretion of uric 
acid was found, as one would expect if the hyper- 


uricemia were purely the result of renal retention. 


TABLE IV 


Uric acid renal excretion and clearance studies while receiving hydrochlorothiazide (Subject M.G.* 
and hydrochlorothiazide and acetazolamide (Subject B.B.t) 


M.G 


Mean urine 
uric acid 


Urine 
uric acid 


Plasma 
uric acic 
mg/24 hi mg/24 hrs 
682 
600 
622 
799 


3 
~ 
o) 


~J 


Cc 
C 
oe 
C 


to 


576 
537 
562 
782 


_ 


Rx § 
Rx 6 
Rx 7 
Rx 8 


PRx 9 

PRx 10 
PRx 11 
PRx 12 


ahr 


& 


721 
891 
673 
736 755 


ADA ord 
> D 00 2 


Uric acid 
clearance 


ml/min 


B.B 


Uric acid 
clearance 


Mean urine 
uric acid 


Urine 
uric acid 


Plasma 
uric acid 


ml/min 
8.5 
10.4 
9.0 
9.2 


24 hr 
675 
808 
658 
686 


mg/24 hrs 


meg 


9.7 
8.9 
8.8 
10.7 


mann S 
Nee 


a 


509 
473 
596 
640 


oon 
— 


-_— = 


754 
905 
849 

1,025 


mn 


Huns 
NAD 


* Hydrochlorothiazide, 200 mg daily in 4 divided doses for 4 days. 


+ Hydrochlorothiazide (50 mg) and acetazolamide (500 mg) daily in 2 


t As in Table IT. 


divided doses for 4 days. 
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TABLE V 


Uric acid renal excretion and clearance studies of a single subject (C.R.) receiving hydrochlorothiazide 
alone * (A) and later in combination with acetazolamide ¢ (B) 


A B 


Plasmz Urine Mean urine Uric acid Plasma Urine Mean urine Uric acid 
uric acid uric acid uric acid clearance uric acid uric acid uric acid clearance 
me% mg/24 hrs mg/24 hrs ml/min me % mg/24 hrs mg/24 hrs ml/min 
530 11.5 
396 9.2 
543 10.8 
540 9.9 
504 50. 10.0 


542 10. 
446 
583 
506 


www 
menor 
W WW Ww 


PP 


ke whe 


1 
1 


0.. 


ww 


553 
383 
518 
609 
558 
657 
512 
656 


520 
598 
570 
586 
527 
598 
691 
652 593 


Rx 6 
Rx 7 
Rx 8 
Rx 9 
Rx 10 
Rx 11 
Rx 12 
Rx 13 


em ee rte Or te be he 
UI bo OO DH OO MD Ww 


One Ue 
Wn nn Un ee de Go 


* Hydrochlorothiazide, 50 mg daily in 2 divided doses for 8 days. 
t As above, and acetazolamide 500 mg daily in 2 divided doses for 8 days. 


t As in Table II. 


These results are comparable with those found in mide daily. Despite the difference in the dosage 
three additional subjects who received the same of hydrochlorothiazide, both showed similar quali- 
dose of acetazolamide for 4 days each. Their data tative and quantitative responses, with hyperuri- 
are summarized in Table III. cemia and decreased urinary uric acid excretion 

The potentiation of hydrochlorothiazide hy- and clearance. After drugs were discontinued, 
peruricemia by acetazolamide is also apparent in more complete recovery was seen in B.B. Unlike 
the data of Table IV. Subjects M.G. and B.B. the four subjects who received acetazolamide alone, 
were matched in age and size; M.G. received 200 during their recovery period these two subjects 
mg hydrochlorothiazide daily while B.B. received increased their excretions of uric acid considerably 
50 mg hydrochlorothiazide and 500 mg acetazola- above control levels. 


rABLE VI 
Uric acid renal excretion and clearance studies while receiving hydrochlorothiazide (Subjects W.Z.* and J.M.t 


W.Z. J.M. 


Urine Mean urine Uric acid Plasma Urine Mean urine Uric acid 
uric acid uric acid clearance uric acid uric acid uric acid clearance 
mg/24 hrs mg/24 hrs ml/min mg % mg/24 hrs mg/24 hrs ml/min 

444 8 404 10.0 
449 391 7 
475 425 


482 408 
482 
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539 
774 
693 
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705 
694 687 
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* Hydrochlorothiazide, 75 mg daily in 3 divided doses for 6 days. 
t Hydrochlorothiazide, 50 mg daily in 2 divided doses for 7 days. 


t As in Table II. 
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A similar study was done on a single subject; 
C.R. initially received 50 mg hydrochlorothiazide 
daily for 8 days, and 4 weeks later, 50 mg hydro- 
chlorothiazide and 500 mg acetazolamide daily for 
8 days (Table V). Combined therapy produced 
the greater degree of hyperuricemia and the 
greater fall in the calculated renal clearance of 
uric acid but, during each procedure, the uric 
acid excretion under medication exceeded the con- 
trol. The mean control uric acid excretions were 
503 and 519 mg per 24 hours, while the mean ex- 
cretions during drug therapy were 593 and 556 
mg per 24 hours. 

These results were confirmed in four addtional 
subjects, two of whom are reported here. W.Z. 
received 75 mg hydrochlorothiazide daily for 6 
days, and J.M. received 50 mg hydrochlorothia- 
zide daily for 7 days (Table VI). In both cases 
the urinary excretions and plasma levels of uric 
acid rose, while the calculated renal clearances 
diminished slightly but returned to control levels 
before drugs were discontinued. Moreover, and 
still more significantly, this hyperuricosuria per- 
sisted even after medication was discontinued, and 
in both instances the renal clearance of uric acid 
rose to levels exceeding those of the initial con- 
trol periods. The plasma and urine of two of these 
subjects were analyzed by the uricase method as 
well and the results confirmed. 


DISCUSSION 


Our data support previous observations (3, 4) 
that acetazolamide can induce hyperuricemia and 
decrease the renal excretion and clearance of uric 
Confirmatory analysis of plasma and urine 
by the uricase method establishes that these 
changes and measurements truly represent uric 
acid. Also confirming this activity of acetazola- 
mide is its ability to potentiate the hyperuricemia 


acid. 


induced by hydrochlorothiazide. 

These data support the concept that this effect 
of acetazolamide is renally mediated. However, 
the observation that small doses of hydrochlorothi- 
azide produce an increased excretion of uric acid 
is not compatible with the concept of renal reten- 
tion as the mechanism for the associated hyper- 
uricemia. The dual properties of the chlorothia- 
zide drugs in increasing as well as decreasing the 
excretion of uric acid have previously been noted 


1965 


and likened to the paradoxical actions of uri- 
cosuric agents such as acetylsalicylic acid and 
probenecid (2,8). Yti and Gutman feel that these 
drugs may exert either of two effects on the renal 
excretion of uric acid (9): at low concentrations 
they supposedly reduce the tubular secretion and 
consequently the excretion and clearance of uric 
acid; at higher dosage they inhibit the tubular re- 
absorption and increase the excretion and clear- 
ance. However, our data show that the increased 
excretion of uric acid occurs at lower doses of 
hydrochlorothiazide and is accompanied by hyper- 
uricemia and a slight decrease or no change in 
renal clearance. This pattern of events could be 
produced by either mobilization of urate from 
the miscible pool or a decrease in the nonrenal dis- 
posal of uric acid (10), but neither of these mecha- 
nisms could account for the further increase in 
urinary uric acid excretion that occurred immedi- 
ately after hydrochlorothiazide was discontinued. 
An alternative explanation is that the drug in- 
creased the production of uric acid. Uricogenesis 
can be produced by drug therapy, as demonstrated 
by Krakoff and Balis, using ethylaminothiadiazole 
(EATDA) (11). 

The close chemical relationship of acetazola- 
mide (2-acetylamino-1,3,4 thiadiazole-5-sulfona- 
mide) and EATDA (2-ethylamino-1,3,4 thiadia- 
zole) (see Figure 1) suggests a possible mecha- 
nism by which hydrochlorothiazide, in varying 
doses, can increase or decrease the urinary ex- 
cretion of uric acid. Krakoff and Balis found 
that EATDA greatly enhanced the de novo syn- 
thesis of purine nucleotides and did not increase 
the yield of uric acid from nucleic acids. Actually, 
their data indicate a decreased yield of uric acid 
from nucleic acid. EATDA may have a dual 
effect on uric acid metabolism, at least one of 
which is shared with acetazolamide. If EATDA 
does decrease the degradation of nucleic acids, a 
loss of feedback inhibition by purine or purine nu- 
cleotide salvage mechanisms could result in greatly 
increased de novo synthesis of purine nucleotides 
(12-14). Acetazolamide could have the same 
initial effect on nucleic acid degradation but could 


block the compensatory synthesis of purine nucleo- 


tides in a manner similar to the inhibition of bac- 
terial nucleotide synthesis by the sulfonamide 
drugs (15). Hydrochlorothiazide could act simi- 


larly, with low doses allowing, and higher doses 
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inhibiting, the compensatory de novo synthesis of 5. Fister, H. J. Manual of Standardized Procedures for 


purine nucleotides. Spectrophotometric ( hemistry. New York, Stand- 
ard Scientific Supply Corp., 1950, p. 728. 
PUSAN . Praetorius, E., and Poulsen, H. Enzymatic deter- 
mination of uric acid with detailed directions. 
Scand. J. clin. Lab. Invest. 1953, 5, 273. 
; a Wilcoxan, F. Some Rapid Approximate Statistical 
and a decreased renal excretion and clearance of ® : ae as 
é ; . é oe ee Procedures. New York, American Cyanimid Co. 
uric acid. Although this hyperuricemia is not so 1949. 


The data presented support the concept that 
acetazolamide produces a relative hyperuricemia 


great as that produced by hydrochlorothiazide, the — 8. Januszewicz, W., Heinemann, H. O., DeMartini, F. 
two drugs together have an additive effect. E., and Laragh, J. H. A clinical study of the effects 
of hydrochlorothiazide on the renal excretion of 
electrolytes and free water. New Engl. J. Med. 
a ; ‘ : re 1959, 261, 264. 
of uric acid and without marked changes in its . Yu, T. F., and Gutman, A. B. Paradoxical reter 
renal clearance. tion of uric acid by uricosuric drugs in low dos- 
The possibility is discussed that these drugs may age. Proc. Soc. exp. Biol. (N. Y.) 1955, 90. 542. 


Hydrochlorothiazide, in low doses, produces a 
relative hyperuricemia with increased excretion 


exert an effect on uric acid through complex meta- . Stanbury, J. G., Wyngaarden, J. B., and Fredrickson, 

D. S. The Metabolic Basis of Inherited Disease. 

New York, McGraw-Hill, 1960, p. 725. 
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\ diurnal cycle in volume and composition of 
For 
the most part, excretion of water and electrolytes 
is lowest toward the end of the sleeping period 


the urine in man has long been recognized. 


and is greatest at some time during the hours of 
normal wakefulness. Descriptions of the diurnal 
cycle of sodium chloride excretion have been pub- 
lished by Volker (1), Campbell and Webster (2), 
Kleitman (3), Simpson (4-6), Norn (7), Man- 
chester (8), Barbour and co-workers (9), Borst 
and de Vries (10), Gerritzen (11), Stanbury and 
Thomson (12), Azérad, Lestradet, Reinberg and 
Gatha (13), Lewis and Lobban (14-16), Payne 
and de Wardener (17) and Doe, Vennes and Flink 
(18) and in other studies noted below. The cycle 
does not depend upon meals, activity or salt con- 
tent of the diet, since it persists during fasting or 
evenly spaced feeding (7, 12, 19-21), during com- 
plete rest (2, 12, 21) and on sodium restricted or 
supplemented diets (7, 12). Although the cycle 
can be disturbed, but not abolished, by sleeplessness 
(3, 5) and is reversed in night workers (5, 7), 
the normal 24-hour cycle is retained, at least tem- 
porarily, in subjects on 12-hour sleep-activity 
cycles (22) and during the first 24 to 72 hours 
after acute reversal of the sleep rhythm (3, 7, 
19). The excretory cycle can be partially dissoci- 
ated from the sleep-activity rhythm in subjects 
whose daily routine is organized around a 22 or 27 
hour day, but the degree of dissociation between 
the two rhythms seldom exceeds 2 hours (15, 16). 

Changes in body fluid content such as may at- 


tend variations in salt and water intake are fol- 


* Supported by grants from the American Heart Asso- 
ciation and by Grant H-2172 from the United States 
Public Health Service. 

+ Research Fellow of the American Heart Association; 
present address, Peter Bent Brigham Hospital, Boston, 
Mass. 


lowed by alterations in the mean daily excretion 
rate of salt and water which, directionally, are 
such as to minimize the disturbance in body com 
position. Although these alterations may be de- 
scribed in several ways, they represent, in effect, 
changes in the level, amplitude or form of the 
diurnal cycle. The mechanisms that determine 
the character of the diurnal excretory cycle and 
alter the cycle after changes in body fluid bal- 
ance are largely inferential but appear to involve 
changes both in the rate of extrarenal secretion 
of humoral agents which modify renal tubular 
transport of electrolytes and water, and in the 
rate of glomerular filtration of salt and water. 
Studies relating to a possible role of filtration rate 
in these mechanisms have been reviewed recently 
(23). 
Glomerular filtration exhibits a diurnal 
cycle, increasing by day and decreasing by night, 
which tends to parallel the sodium chloride ex- 


rate 


cretory cycle (12, 24). In subjects with conges- 
tive heart failure or cirrhosis, in whom the ex- 
cretory cycle is frequently reversed, the filtration- 
rate cycle is generally reversed also (25-27). 
Correspondingly, filtration rate is generally ele- 
vated above control values after chronic loading 
with saline (28) or after chronic water retention 
obligated by vasopressin (Pitressin tannate) in- 
jections (29, 30) and is depressed in volunteer 
subjects or patients on low salt diets (31-36). 
In subjects or patients in whom salt retention is 
induced by steroid (usually deoxycorticosterone ) 
administration, filtration rate is generally in- 
creased after several days of salt accumulation and 
at the time that control rate of salt excretion has 
been regained (37-41). 

From none of these studies, however, is in- 
formation available concerning the diurnal cycle 


of glomerular filtration rate during states of altered 
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fluid balance, the changes in this cycle during the 
transition from one to another state, and correla- 
tion (or lack of it ) between changing filtration 
rate and changing sodium chloride excretion dur- 
ing the transition phase. The studies reported 
here were undertaken to examine these questions. 


METHODS 


The experiments were performed on 3 healthy male 
of their familiarity with the tech- 
theory involved, all three are 
A dietary history was obtained prior 
to an experiment. A standard single day’s menu, closely 
approximating the usual diet, was then prepared with the 


subjects. Because 


niques and considered 


trained subjects. 


collaboration of the subject. This menu was repeated 
each day of the study, subject only to modification of 
the salt or water content. One to two days before be- 
ginning the clearances, the subject was admitted to a 
private hospital room or to a metabolic study unit to be- 
come adjusted to the diet and to the routine of restricted 
activity, regular urine collection and other procedures. 
When the protocol was functioning smoothly, clearance 
measurements were begun. 

Priming quantities of inulin and /p-aminohippurate 
(PAH) 
tions of 30 and 1.5 mg per 100 ml, respectively. 
5 per cent inulin and 1.6 per cent 


were calculated to produce plasma concentra- 
A sus- 
taining solution of 
PAH was injected intravenously at 0.6 to 0.7 ml per 
minute by a Sigmamotor pump through an indwelling 
This solution, although supersaturated 
remain clear for weeks if 
PAH 
some experiments where avoidance 
PAH 
ered more important than measurement of PAH clear- 
When PAH and inulin were infused simultane- 
ously, they were added to distilled water, the PAH con- 


plastic catheter. 
respect te inulin, will 


care is taken to avoid seeding with solid inulin. 


with 


was omitted from 


of the additional sodium load in the was consid- 


ance 


tributing sufficient osmotic pressure to prevent hemolysis.1 
When inulin was infused alone, it was added to 5 per 
cent glucose. In some experiments powdered, refined 
inulin,’ refiltered before use (43), was dissolved in the 
appropriate vehicle. In other experiments, commercial, 
ampouled inulin (Warner-Chilcott) was employed. Since 
this inulin is prepared in saline, a quantity sufficient for 
24 hours’ infusion contains 2.5 g of sodium chloride and 
an amount of salt approximating this quantity was re- 
The 
livered to the subject through a 10- to 12-foot length of 


moved from the patient’s diet. infusion was de- 
small-bore Tygon tubing which permitted free ambula- 
tion within the confines of the study room. Although the 
subjects were relatively inactive, they were not confined 


to bed. Clearance periods were generally of 3 hours’ 


1 PAH and glucose, when together in solution, form a 
clearance 


compound which yields anomalous values 


(42) 
* Kindly supplied by the General Diagnostics Division, 
Warner-Chilcott Corp. 
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duration, but 4-hour periods were employed during sleep 
in some studies. Inulin clearance was not calculated for 
periods (see figures) in which large changes in plasma 
inulin concentration occurred as the result of disturbances 
of the infusion. Average rate of change in plasma inulin 
concentration in the remaining periods did not exceed 
10 per cent per hour. 
collected by voluntary voiding, with the exception of the 


Urine specimens were routinely 


final clearance period in one experiment (Figure 2) 
when difficulty in catheterization. 
Blood specimens were drawn at 3-hour intervals through 


urination required 
an indwelling catheter contralateral to the infusion cathe- 
ter and at either the midpoint or the end of the periods. 
In some studies, 15-ml specimens were drawn, and no 
attempt was made to restore the drawn blood. In other 
drawn, the 
packed cells were suspended in saline and reinjected to 


studies, in which 25-ml specimens were 


minimize possible renal function changes arising from 
cumulative blood loss. Under such conditions no meas- 
urable change in hematocrit could be detected, but ap- 
proximately 8 g of plasma proteins was removed each 
day. Weight and temperature were measured frequently ; 
blood pressure and pulse were not measured routinely. 
Infusions and consecutive clearance periods were con- 
Further pertinent methodologic 


details will be noted during discussion of the individual 


tinued for 2 to 5 days 


experiments. 

Inulin concentration was measured as follows. To 1 
ml each of plasma and urine samples in 25-ml Erlenmeyer 
flasks was added 8 ml of a 1.0 per cent aqueous suspen- 
The flasks were lightly stoppered 
One ml each of 16 per 


sion of washed yeast. 
and allowed to stand overnight. 
cent zinc sulfate and 0.75 N sodium hydroxide (Somogyi 
precipitation) was added, the flasks were shaken, allowed 
to stand a few minutes, and the centrifuged supernatant 
collected by decantation. Inulin in the plasma filtrates 
and appropriately diluted urine filtrates was measured 
colorimetrically by the method of Roe, Epstein and Gold- 
stein (44) as modified by Schreiner (45). The above 
method of yeasting regularly removed 95 per cent of a 
200 mg per 100 ml glucose or fructose solution. A 
plasma blank was obtained by similarly treating 1 ml 
of inulin-free plasma. Thus measured, the plasma blank 
is equivalent to about 2 mg per 100 ml plasma inulin 
and is extremely constant, exhibiting no discernible 
variation pre- and postprandially or from patient to pa- 
tient. Most of the color of the blank arises from the 
yeast. The urine blank, although of nearly the same 
absolute magnitude as the plasma blank, is so small as 
a fraction of total urine inulin that it is generally ig- 
nored. Yeast blanks and yeast “hematocrits” were not 
analyzed in 
Determinations 


measured. All specimens were routinely 
duplicate de novo, and on different days. 
on each of the two separate analyses were done in tripli- 
cate. A third analysis was performed if the U/P ratios 
of the first two analyses failed to agree within 5 per cent. 
Chloride was measured by the method of Van Slyke and 
Hiller (46), and sodium by PAH 


clearances and plasma concentrations, and excretion rates 


flame photometry. 
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of potassium, calcium, magnesium, and phosphate will be 
reported in subsequent papers. 


RESULTS 


Normal diurnal cycle. Diurnal cycles of filtra- 
tion rate, and plasma concentrations and urinary 
excretion of sodium and chloride in inactive, 
healthy subjects on routine diets are shown in the 
control days of Figures 1-5. The average diurnal 
cycle in Subject R.S., calculated by averaging for 
each portion of the cycle the values observed in 
5 control days, is shown in Figure 6. The con- 
tour of the excretion curves is similar to those re- 
ported in other studies. A regular observation in 
this subject was a brief but marked decrease in 
excretion coincident with the evening meal and 
possibly arising from gastrointestinal secretion. 
Plasma sodium was generally lower during the day 
but the difference between day and night was 
small. Chloride concentration varied more widely 
than did sodium in this subject, usually exhibiting 


decreases coincident with the morning and evening 


isotonic saline infusion: 1.0mi/ min 
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Fic. 1. DruRNAL CYCLE OF FILTRATION RATE AND SO- 
DIUM AND CHLORIDE EXCRETION BEFORE AND DURING ISO- 
TONIC SALINE INFUSION. Subject K.B.: age 23; wt 74 kg; 
ht 173 cm. In this and the following figures, a “day” is 
7 a.m. to 7 a.m. 
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FILTRATION RATE AND SO- 
DURING 


Fic. 2. 
DIUM 
CHRONIC WATER LOADING SUSTAINED BY VASOPRESSIN IN- 


DIURNAL CYCLE OF 


AND CHLORIDE EXCRETION BEFORE AND 


Para-aminohippurate was infused throughout. 
age 29; wt 65 kg; ht 174 cm. 


JECTIONS. 
Subject R.S.: 


meals and also possibly related to gastrointestinal 
The amplitude of the filtration rate 
cycle is approximately 20 per cent of the 24-hour 


secretion. 
mean value in the average cycle. The average 
amplitude of the separate cycles, however, is 26.5 
per cent, and the true amplitude, discoverable by 
progressively shortening the clearance periods, 
may well exceed 30 per cent of the 24-hour mean 
rate. 

Diurnal cycle during saline The di- 
urnal cycles of NaCl excretion and glomerular fil- 


infusion. 


tration before and during infusion of isotonic sa- 
line are shown in Figure 1. The continuous infu- 
sion provided additional salt intake of about 13 g 
per 24 hours. During the first infusion day, salt 
excretion increased moderately, the increase being 
accomplished for the most part by suppression of 
the normal nocturnal decrease in excretion rate. 





1970 LAURENCE G. 
Interruptions of the imulin infusion prevented 
measurement of clearance during several periods, 
hut values in the remaining periods of the first day 
suggest that daytime inulin clearance did not in- 
crease. An increase in plasma chloride concen- 
tration at this time may have contributed to the 
increase in excretion. During the second and 
third infusion days, diurnal cycles of both excretion 
and filtration were resumed. As compared with 
the control, the excretory cycle showed an increase 
both in minimum (base line) and in the amplitude, 
together with a narrowing of the nocturnal de- 
pression. The filtration rate cycle showed an in- 
crease both in amplitude and in the 24-hour mean, 
the latter rising to 135 and 145 ml per minute on 
he second and third days, compared with a con- 
The 


values attained during the brief nocturnal minima, 


trol value of 128 ml per minute (Table 1). 


however, were not significantly different (two 
yveles) from that in the control. 
Diurnal cycle during chronic water loading. 


The diurnal cycles of NaCl excretion and glomeru- 
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Fic. 3. DruRNAL CYCLE OF FILTRATION RATE AND SO- 

\ND CHLORIDE EXCRETION 
IUM CHLORIDE RETENTION INDUCED BY 
ACETATE (DCA) 
as attained on the third day 


ut; Subject R.S. 


BEFORE AND DURING SO- 
DEOX YCORTICO- 
INJECTIONS. “Steroid escape” 


PAH was infused through- 
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Fic. 4 
DIUM AND 


DrurRNAL CYCLE OF RATE AND SO- 
EXCRETION 


DIET. 


FILTRATION 


CHLORIDE BEFORE AND ON THE 


FOURTH DAY OF A LOW SALT Filtration rate was 


measured briefly each morning of the first 3 days on the 
low salt diet. PAH was not infused; Subject R.S 
lar filtration before and during chronic water load 
ing are shown in Figure 2. On the morning of 
the first experimental day the subject received the 
first of repeated injections of vasopressin ( Pitres- 
sin tannate in oil) and drank 4 L of water over the 
next several hours. The approximately 10-pound 
weight increase was thereafter maintained nearly 
constant by appropriate adjustment of fluid intake. 
During the first day mean filtration rate was in 
creased (117, compared with 102 ml per minute 
during the control day). Chloride excretion de 
creased markedly, while sodium was little changed. 
Much, if not most, of the decrease in Cl excre 
tion seems attributable, provisionally, to the de- 
crease in plasma Cl concentration. Although some 
of the excess of sodium over chloride is attributa- 
hle to p-aminohippurate, it seems more likely that 
a considerable fraction of the sodium excretion is 
obligated by bicarbonate, as has been reported by 
(47). 


Wrong The mechanism of alkaline urine 


‘Also reported by Wrong and present in our experi 
mental data is a decrease in potassium excretion at this 
time, an observation of interest in view of the simultane- 


ous formation of an alkaline urine. 
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Control First day Second day Fifth day Sixth day 


FILTRATION RATE AND 
sODIUM EXCRETION BEFORE AND ON THE 
FIFTH OF A LOW SALT DIET. Excretion 
of sodium, alone, was measured during the first 4 days 
salt diet. The third and fourth days, ex- 
progressively diminishing excretion but with 
diurnal patterns similar to that of the second day, have 
heen omitted as noncontributory. Subject L.W.: age 43; 
wt 75 kg: ht 179 cm. 


DruRNAL 
AND 


Fic. 5. CYCLI 
CHLORIDE 


AND SIXTH DAYS 


OF 


on the low 


hibiting 


formation under these circumstances is unknown. 
The filtration rate cycle correlates well with the 
sodium but not with the chloride cycle. 

During the second and third experimental days, 
Na and Cl excretion and glomerular filtration rate 


TABLE 


1971 


(GFR) rose progressively, the latter to 138 and 
167 ml per minute, compared with 102 and 117 in 
the control and first experimental days (Table I). 
The filtration rate cycle on the second day was 
well preserved, and its amplitude apepars in 
creased, similar to that observed during saline in- 
fusion. Sodium and chloride excretion exceeded 
intake, plasma concentrations declined, weight also 
decreased slightly from its maximum, and frank 
Difficulty 
in voiding, progressing to complete retention, 


symptoms of water intoxication ensued. 


rendered all individual clearance periods on the 
third day unreliable, although the 24-hour mean 
value is probably accurate. 

Diurnal cycle during steroidal salt retention. 
The diurnal cycle of NaCl excretion and glomeru 
lar filtration before and during salt retention in- 
duced by deoxycorticosterone acetate (DCA) in- 
jection is shown in Figure 3. Na and Cl excretion 
decreased during the first day of DCA injections 
but increased progressively thereafter to reach the 
control rate of excretion (steroid escape) on the 
third day. The general contour of the diurnal 
excretory curve appears to be little altered by 
DCA, as noted also by Stanbury and Thomson 
(12). 
affected on the first day, but both the mean values 


The filtration rate cycle was not evidently 


and possibly, also, the amplitude, increased pro- 
gressively on the second and third days. Plasma 
concentrations showed little change. 

Diurnal cycle during salt depletion. The diurnal 
cycles of NaCl excretion and glomerular filtration 
before and after several days on low salt diets are 
Salt-free inulin 


shown in Figure 4+ and 5 was 


I 


Mean diurnal inulin clearance and 24-hour chloride excretion before and during 
alteration in body fluid balance 


Inulin clearance (ml/min) 


Control 
day 


Protocol 
Day 1 


Saline infusion (Figure 1 
Water loading (Figure 2 
Salt retention (Figure 3) 
Low salt diet (igure 4 
Low salt diet (Figure 5 
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* Third day in experiments, Figures 1~3; fourth day in experiment, Figure 4; 


ment, Figure 5. 


Day 


> 


135.6 
138.: 
13 


5 
1 


Chloride excretion (mmoles/24 hrs) 


Last 
day* 


Control 
day 


Last 
day* Day 1 Day 2 
569 
420 
470t 
26 
28 


145.0 
166.6 215 
139.8 238 
99.8 135 
112.5 280 


215 344 
85 


95 


average of fifth and sixth days in experi- 


t Interpolated values are substituted for technically unsatisfactory clearance measurements in calculating a 24-hour 


mean value on these days. 


t Unmeasured nighttime periods are assumed to follow the contour of the preceding cycle in calculating 24-hour 


mean clearance and excretion values on this day. 
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Fic. 6. AVERAGE DIURNAL CYCLE OF FILTRATION RATE, SODIUM AND CHLO- 
RIDE EXCRETION, AND PLASMA SODIUM AND CHLORIDE CONCENTRATIONS DURING 
CONTROL DAYS ON UNRESTRICTED DIET IN Suspyect R.S. Filtration rate is 
represented as per cent variation of each period from the 24-hour mean of 
115 ml per minute. Plasma sodium and chloride concentrations are repre- 
sented as concentration differences of each period from the 24-hour means 
of 137.8 and 108 mmoles per L, respectively. Amplitudes of filtration rate 
and plasma sodium and chloride cycles are 21 per cent and 1 and 3 mmoles 
per L. 


not available for one of these studies, with the both subjects (20 per cent) may have been some- 
result that, in Experiment 4 (Figure 4), the sub- what decreased. The data are insufficient to ce- 
ject received nearly as much salt during the brief termine whether the contour of the filtration rate 
measurements of inulin clearance on the first, cycle was altered signif -antly. 
second, and third low salt days as he received from 
his diet. About 1.5 g of salt was contained in the sicatsiaheamede 
24-hour infusion on the fourth day. Inulin solu- A provisional description of the diurnal cycle 
tions employed during the second study (Figure of filtration rate in normal man can be obtained 
5) were salt-free. Although both the minimal from these experiments. Filtration rate is lowest 
values and the amplitude of the NaCl excretory near the end of the sleeping period. It increases 
cycles were decreased as expected, it is of addi- rapidly after awakening and, in normally hydrated 
tional interest that the duration of the daytime individuals, remains at generally elevated levels 
peak tended to decrease, with a corresponding until the beginning of the sleep period. The prob- 
widening of the nocturnal minimum. able amplitude of 25 and perhaps 30 per cent of 
The 24-hour mean values of glomerular filtra- the mean value is much greater than that suggested 
tion rate were decreased on the low salt diets by previous studies. Alterations in the cycle oc- 
from 116 to 100 and from 138 to 113 ml per cur in normal individuals with altered body fluid 
minute in Subjects R.S. and L.W., respectively balance. In subjects with expanded fluid volume 
(Table I). The diurnal cycle of filtration rate as the result of saline infusion, water loading un- 
was preserved, although the mean amplitude of der the influence of vasopressin, or salt retention 
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under the influence of deoxycorticosterone, the 
amplitude frequently appears to be increased pri- 
marily as the result of an increase in the daytime 
maximum. In addition, the daytime peak tends 
to extend well into the sleep period. Opposite 
changes were observed in the subjects on a low 
salt diet, in whom a probable lowering of the night- 
time minimum, together with a somewhat greater 
lowering of the daytime maximum and some de- 
crease in amplitude, occurred. The data are in- 
sufficient to draw conclusions concerning changes 
in the contour of the cycle during depletion. It is 
of interest that a near normal cycle is maintained 
in the normal subject during severe salt retention, 
while the cycle is apparently reversed in the salt- 
retaining patient with heart or liver disease (25, 
27). 

Pertinent to interpretation of salt excretion 
studies is the observation that, although the 24- 
hour mean inulin clearance is increased during 
salt or water loading and decreased during salt 
deprivation, the diurnal cycles in all states often 
Hence, by inadvertently se- 
lecting the appropriate phase of the cycle in which 
to make brief measurements of filtration rate, it 
is possible to obtain the same value of filtration 


overlap one another. 


rate under widely varying conditions of fluid bal- 
ance, or else varying values under constant condi- 
-articularly during the morning 
hours, random measurements of filtration rate can- 
not be expected to correlate satisfactorily with 24- 
hour measurements of sodium chloride excretion. 


tions of balance. 


Correlation between filtration rate and chloride 
excretion in Subject R.S.,* during individual 
clearance periods in several diurnal cycles on a 
The solid 
line is the theoretical but semiempirical relation- 
ship between filtration rate and chloride excre- 
tion as deduced from studies on the dog and trans- 
posed to man (23). 
the uncertainty limits (2 SD, or 10 per cent) to 
Details of the 
derivation of the theoretical curve are beyond the 
scope of this paper, but are based upon attribution 


routine diet, is illustrated in Figure 7. 


The broken lines represent 


the measurement of filtration rate. 


to a proximal chloride transport process of a pro- 
portionality coefficient to filtration rate of 0.085 
mmoles per ml, attribution to a distal chloride 
transport process of a maximal transport rate of 

4Clearance data on Subjects K.B. and L.W. are in- 
sufficient for an analysis of this form. 
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Fic. 7. CORRELATION BETWEEN FILTRATION RATE AND 
CHLORIDE EXCRETION DURING SEVERAL DIURNAL CYCLES IN 
Susyect R.S. ON UNRESTRICTED DIET. Each point repre- 
sents an individual clearance period. The solid curve 
represents a hypothetical relationship between filtration 
rate and chloride excretion, as described in the text. 
The broken curves lie 2 SD (10 per cent) of estimated 


error of measurement of filtration from the mean value. 


4.0 mmoles per minute per 1.73 m* and a titration 
splay similar to that for glucose, and existence of 
a filtrate chloride concentration of 107 mmoles per 
L. The general curve for an average man (23) 
is adjusted to Subject R.S. by multiplying the 
filtration rate scale by 0.83. All terms 
equations, including titration splay and plasma 
significant pa- 


in the 


concentration, are considered 
rameters. Since the two-variable 
cretion against filtration in Figure 7) does not 


provide for the operation on excretion of chang- 


system (ex- 


ing plasma concentration, recourse was had to 
the theoretical equations. These predicted that 
a 1.0 mmole per L change in plasma chloride 
concentration should be equivalent to a 3.5 to 4.5 
ml per minute change in filtration rate over the 
range of filtration rate values observed. Accord- 
ingly, an observed filtration rate value was “cor- 
rected” * if, in that clearance period, plasma chlo- 
ride concentration varied from the mean concen- 
The “corrected” fil- 
The 


tration for all control days. 
tration rate values are plotted in Figure 7. 

correction in either direction seldom exceeded 8 
or 9 ml per minute, however, and for most of the 


data was less than 5 ml per minute. The fit of the 


5 GFReor = GFRovs + F(Pc: — Poi), where F is the 
factor converting concentration units to filtration units, 
averaging, in these studies, 4 ml per minute. 
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data to the theoretical curve is better than is war- 
ranted by the many uncertainties involved in the 
measurement of inulin clearance, the extension 
to man of constants derived under acute loading 
conditions on the dog, the assumption that glu- 
cose and chloride transport should have a similar 
titration splay, and the assumption that the rela- 
tionships between plasma concentration and ex- 
cretion, derived for high concentrations, obtain 
equally in the normal or subnormal range. It may 
be confidently predicted that other studies will 
exhibit a correlation between theory and experi- 
ment more realistically in accord with sources of 
error in measurements of this nature. 

In view of the results of previous studies which 
have demonstrated a general decrease in filtration 
rate during dehydration or salt deprivation and 
an increase in filtration rate during fluid loading 
in normal subjects, a major objective of these ex- 
periments was determination of the time of onset 
and rate of change of filtration rate, and correlation 
of these changes with changes in NaCl excretion. 
In the three experiments associated with body fluid 
expansion, a major increase in filtration occurred 
on the second day of loading and, in each instance, 
was correlated with a marked increase in excre- 
tion above the level of the first loading day (Table 
|). In the two experiments on salt deprivation, 
filtration rate is clearly depressed below control 
levels by the fourth day and, as suggested by brief 
measurements, may well be depressed by the third 
or second day. It may be concluded provisionally, 
therefore, that changes in filtration rate closely 
parallel changes in salt excretion attendant upon 
alterations in fluid balance in healthy subjects. 

Correlation between NaCl excretion and filtra- 
tion rate changes do not imply that excretion nor 
mally is governed by filtration rate changes alone 
in an otherwise rigid filtration-reabsorption sys- 
tem. A contribution to excretion of filtrate con- 
centration changes, at least within wide limits, is 
indicated by the effects of hypertonic saline in- 
fusions and, in the present studies, by the de- 
crease in chloride excretion immediately after 
water loading (Figure 2). Susceptibility of the 
NaCl transport system to stimulation from vari- 
23) 


Filtration rate in this sub- 


ous steroids is well documented and is il- 
lustrated in Figure 8. 
ject must be roughly 25 ml per minute greater dur- 


ing DCA administration than in its absence, to 
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CHLORIDE EXCRETION DEOXYCORTICOSTERONE ACE- 
TATE (DCA) ADMINISTRATION IN SusByect R:S. 
URE 3). The hypothetical curves relating excretion an 
(Figure 7) are re- 
Chloride excretion rates equiva- 


CORRELATION BETWEEN FILTRATION 
DURING 
{ I: I¢ 
filtration in the untreated state 
produced for reference 
lent to those observed in the untreated state are attained 
DCA higher filtration 


during administration only at 


rates 

maintain a constant excretion rate of 0.1 mmole 
per minute. The simplest description of the ster- 
oid effect, within the context of the aforementioned 
hypothetical transport system, is a marked de 
crease in the titration splay, together with a pos 
sible small increase in transport maximum, of the 
distal NaCl Filtration 
nevertheless would seem to account almost entirely 


transport system. rate 
for most short-term changes in NaCl excretion, 
such as are observed during the normal diurnal 
cycle and early after acute blood volume contrac 
tion and related stresses (23). Absence of in 

portant contributions to the NaCl excretory cycle 
from adrenocortical function is suggested by oc 
currence of near normal cycles in hypoadrena] 
patients (8, 20, 48, 49), together with absence of 
significant diurnal variations in aldosterone ex 
cretion in quiescent subjects (50-55). Rising 
filtration rate may well be responsible, also, for 
the phenomenon of steroid escape and for the d 


layed natriuresis which follows chronic water 


loading. 
The 


mechanisms that determine the diurnal 
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rhythm of filtration rate and, more remotely, the 
changes in this rhythm under various loading con- 
ditions are unknown. That a rhythm of the 
magnitude observed in man is not a necessary as- 
pect of renal function is demonstrated by the ap- 
parent absence of a significant rhythm in quiet, 
fasting dogs (56). The extent of pre- as com- 
with 
changes that may occur during the cycle and which, 


pared postglomerular vascular resistance 
therefore, constitute the immediate cause of the 
changes in filtration will require a more detailed 
analysis of simultaneous changes in renal plasma 
flow. Proof ‘ht the rhythm is not dependent upon 
the renal nerves is lacking, but no evidence of 
vasodilator nerves or of neurogenically controlled 
hemodynamic changes in unstressed animals has 
heen discovered. By exclusion, we must postu- 
late the existence of one or more humoral trans 
mitters, the secretions of which are dependent, 
ultimately, upon a “volume receptor.” No rec- 
To desig- 


nate this hypothetical humoral system, which has 


ognized hormone fulfills this function. 


as a major function the control of filtration rate, 
the term, “glomerulokinin” has been proposed 
elsewhere (57). In this view a humoral system 
controlling aldosterone secretion and a humoral 
system controlling glomerular filtration are two 
afferent arms of a reflex system controlling ex- 
tracellular or vascular volumes, while the fluid 
volume control system is but a portion of a more 
general and presumably integrated system which 
preserves the integrity of the circulation. 


SUMMARY 


Filtration rate (inulin clearance) and the ex- 
cretion rates and plasma concentrations of sodium 
and chloride were measured continuously through 
the diurnal cycle in three quiescent, healthy, male 
subjects. 

The normal diurnal cycle of filtration rate un- 
characteristic 


conditions exhibits a 


nocturnal minimum and diurnal maximum with 


der control 
an amplitude of 25 and perhaps as much as 30 per 
cent of the mean. 

Under fluid loading by saline infusion, chronic 
water loading supported by vasopressin injections, 
or salt retention induced by deoxycorticosterone 
acetate injections, the diurnal filtration cycle 
shows a tendency to a widening of the daytime 
maximum and a possible increase in amplitude. 
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Under fluid depletion attending consumption of 
a low salt diet, the filtration cycle shows a tend- 
ency to a decrease in amplitude and in mean level, 
but whether the daytime maximum is narrowed, 
parallel with the simultaneous narrowing of the 
diurnal peak in chloride excretion, cannot be de- 
termined from the available data. 

In the present experiments significant changes 
in the 24-hour mean filtration rate level occurred 
relatively early, increasing on the second day of the 
fluid loading studies, and decreasing by the fourth 
day on the low salt diets. 

A close quantitative correlation between filtra- 
tion rate and chloride excretion is evident during 
the normal or control diurnal cycle of excretion, 
while a close qualitative correlation between ex- 
cretion and filtration is evident during the excre- 
tion changes attendant upon fluid loading or de- 
A rising filtration rate is proposed as the 


pletion. 
principal cause of the delayed natriuresis occur- 


ring during sustained water loading and of the 
phenomenon of “steroid escape.” 
system, 


humoral provisionally 


An unknown 
termed “glomerulokinin,’ may determine the nor- 
mal diurnal cycle of filtration rate and the changes 
in the cycle attendant upon alteration in body salt 


or fluid balance. 
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In 1959 it was reported in these pages (1) that 
hog intrinsic factor concentrate enhanced the up- 
take of vitamin B,, (Co®-B,,) by 
everted the cold. 


radioactive 
sacs of rat small intestine in 
This enhancement was significantly reduced in 
the absence of calcium and was reversible to a 
significant degree by disodium ethylenediamine 
tetraacetate dihydrate (EDTA) (1), suggesting 
that intrinsic factor action was calcium-dependent. 
Disodium EDTA reduced the enhancing effect 
on radio-B,, uptake of rat intrinsic factor in loops 
of small intestine in a living rat; calcium EDTA 
Other 
the calcium 


was without such inhibitory effect (2). 
workers, however, threw doubt on 
They re- 
radio-B,, 


dependence of intrinsic factor action. 
ported that gastrectomized rats fed 
bound to rat gastric juice plus large amounts of 
EDTA (3, 4), 


radio-B,, plus disodium or tetrasodium EDTA 


disodium and normal rats fed 


These 


(5), had normal radio-B,, absorption. 
findings, taken with the fact that the im vitro stud- 
ies did not demonstrate total loss of the effect of 
intrinsic factor on depletion of calcium, left the 
concept of the calcium dependence of intrinsic fac- 
tor action in doubt. 

The present report presents the results of a 
study aimed at resolving this uncertainty, and 
also at strengthening the evidence (6, 7) for the 
pH dependence of intrinsic factor action. 


MATERIALS AND METHODS 
Co”-labeled vitamin B,, and Co™-labeled vitamin B,,. 


The Co®-labeled vitamin B,, had a specific activity of ap- 


proximately 1 wc per wg, and the Co™-labeled vitamin B,, 


* This work supported in part by Grant A-795 from the 
National Institutes of Health, Bethesda, Md., and in part 
by grants from the National Vitamin Foundation and 
from Eli Lilly & Co. 

1 Kindly provided by Drs. C. Rosenblum, N. Ritter and 
E. Alpert of Merck Sharp & Dohme Research Labora- 
tories, West Point, Pa 


had a specific activity of approximately 5 wc per wg. The 
pH-dependence experiments using everted sacs were per- 
formed with Co™-labeled vitamin B,,; all other experi 
ments were performed with Co”-labeled vitamin B.,.. 

Rat intrinsic factor concentrate (RIFC) was prepared 
as previously described (2). 

Rat small intestine everted sac system. The homolo 
gous system (RIFC, everted sacs of rat small intestine ) 
used by Strauss and Wilson (8-10) was employed. 

Nonfasting male Sprague-Dawley rats were sacrificed 
The small intestine was transected at the pylorus and 25 
to 50 ml of 0.9 per cent NaCl was run through it to rinse 
out particulate content. The then 
stripped free of its mesenteric attachment, transected at 


small intestine was 
its ileal end and everted on a stainless steel rod, 112 cm 
long and 1.5 mm in diameter, with rounded ends. Begin- 
ning with its lower end, the rat small intestine was slipped 
over the rod until a silk ligature could be placed tightly 
over the ileal end of the intestine, and held in place by a 
groove in the rod 2 mm from its end. The intestine was 
gently and rapidly everted on itself. It was then washed 
by dipping repeatedly into each of two changes of 200 ml 
saline, and placed in a petri dish containing 0.9 per cent 
saline at room temperature. 

Individual sacs approximately 4 cm long 
pared as described by Wilson and Wiseman (11). 
being ligated at each end and slightly distended 
Krebs-Henseleit (12) 
per 100 ml glucose, each sac was dropped into a sepa 


were pre- 
After 
with 
bicarbonate containing 200 mg 
rate 50-ml Erlenmeyer flask containing 5 ml incubation 
medium plus 5,000 wug of radioactive vitamin B,, in 0.5 
ml of 0.9 per cent saline with or without added RIFC. 
The amount of RIFC used was prepared from 1/100 of 
a rat stomach, diluted with 0.9 per cent NaCl to a volume 
of 0.5 ml. This amount of rat stomach was chosen be- 
cause it produced near maximal enhancement of 
Indeed, ten 


vita 
min B,, uptake in this everted sac system. 
fold lower or higher amounts of RIFC produced markedly 
less enhancement, and still larger amounts inhibited radio- 
B,. uptake (data not shown). 

Immediately after placing each filled everted sac in 
the medium, the flask was gassed for 60 seconds with 
95 per cent O, and 5 per cent CO., sealed with a rubber 
stopper, and shaken (96 cycles per minute) at 37° C for 1 
hour. At the end of this period the sac was removed and 
rinsed through three changes of 0.9 per cent saline. 
The ligated ends were then cut off, the sac cut open 
lengthwise and gently blotted with toilet tissue, weighed, 
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and the quantity of its radioactivity determined in a well- 
type scintillation detector, for which the magnitude of 
the background averaged 330 counts per minute. In this 
detector the Co”-labeled vitamin B,, registered approxi- 
mately 1 count above background per minute per mug, 
and the Co™-labeled vitamin B,, registered approximately 
4 counts above background per minute per sug. 

In all experiments with everted sacs, except those in 
which the site of intrinsic factor action was studied, the 
top and bottom 20 per cent of the rat small intestine was 
discarded and sacs were prepared from the remainder, 
beginning at its top. 
mal-to-absent action of RIFC at top and bottom of the 


This was done because of the mini- 
rat small intestine. Each experiment was repeated at 
least three times in order to ensure validity. Sac length 
was measured by placing a ruler alongside the unstretched 
gut, which had been allowed to retract while in 0.9 per 
cent NaCl at room temperature in a large petri dish. 

Rat small intestine mucosal homogenate system (rat 
gut homogenate system). Nonfasting 200 to 300 g male 
Sprague-Dawley sacrificed. The small in- 
testine was transected at the pylorus, stripped free of 
its mesenteric attachment, and transected at its ileal end. 
It was then placed on a long strip of Parafilm,? meas- 
ured, and the top and bottom 20 per cent discarded. The 
remaining intestine washed free of 
adherent intestinal contents by dipping repeatedly into 


rats were 


small was everted, 
each of two changes of 0.9 per cent NaCl, and cut with 
Each segment 
was then scraped free of mucosa with two glass slides 


scissors into roughtly 7- to 8-cm segments. 


(one holding the gut in a fixed position, the other used 


for scraping). The mucosal scrapings from two rats 


2 Marathon Co., division of American Can Co., Me- 


nasha, Wis. 
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were combined and placed in 25 ml of 0.9 per cent NaCl 
in a 50-ml beaker, shaken vigorously by hand for 10 
seconds and then homogenized for 30 seconds in a War- 
ing Blendor. Then, after being centrifuged for 10 min- 
utes at 3,000 rpm, the liquid intermediate phase was dis 
carded, leaving together for final suspension both the 
particulate material that initially floated 
liquid phase and that which sedimented. 


above the 
Sufficient 0.9 
per cent NaCl was added to this rat small intestine ho- 
mogenate so that 1 ml of the resultant suspension of 
homogenate could easily be pipetted into each of a series 
The homogenate prepared 
sufficient for 8 to 14 


of 50-ml Erlenmeyer flasks. 
from one rat intestine such 
flasks. 


In the experiments here reported, incubation with rat 


was 


gut homogenate was performed as with everted sacs, ex- 
cept that the gas phase was air. Freshly prepared rat 
gut homogenate was used, although thawed frozen ho- 
mogenate is equally useful in the “assay” of RIFC (data 
not presented). Incubation was followed by centrifu 
gation for 10 minutes at 3,000 rpm. The liquid phase 
was then removed by pipet, followed by resuspension in 
and centrifugation from two washes in 10 ml of 0.9 
per cent NaCl containing 10 mmoles CaCl, The quan- 
tity of radioactivity retained by the sedimented rat gut 
homogenate was then determined in a well-type scintil- 
lation detector. 

In the studies of pH dependence of intrinsic factor ac- 
tion, the buffer used consisted of 9 parts Krebs-Ringer 
solution (13), brought to appropriate pH with 1 part 
0.05 M Tris- (hydroxymethyl )aminomethane-acid maleate- 
NaOH buffer (14). Immediately after placing each 
everted sac in the medium, the flasks were gassed with 
100 per cent O, and shaken at 37° C for one-half hour 
The same incubation system was used for pH-dependence 
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Fic. 1. ABSORPTION OF VITAMIN B,, AT VARIOUS LEVELS OF THE RAT SMALL 
INTESTINE in vitro, WITHOUT AND WITH ADDED RAT INTRINSIC FACTOR CON- 
CENTRATE (RIFC). 
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TABLE I 


Divalent cation dependence of rat intrinsic factor concentrate (RIFC) in augmenting adsorption of 
Co®-B yj. by everted sacs * and mucosal homogenates of rat small intestine 


cpm/ 
Incub. mediumT 


Standard 45 
Standard 168 
Standard — Cat 72 
Standard — Cat 

Standard — Mgt 

Standard — Mgt 

Standard — (Ca + Mg) 

Standard — (Ca + Mg) 

Standard 


Standard 307 


everted sact 


Excess counts 
over control 
homogenate 


cpm, 
aliquot gut 
homogenate 


Excess counts 
over control 
sacs 
264 
665 
246 
49 488 

231 

588 

60 

19 53 


123 


288 


* All sacs from midportion of small intestine and about 4 cm long. 


+ Standard medium is Krebs-Henseleit bicarbonate, containing 200 mg % glucose and 5,000 uug Co™-Bis, gassed with 


95% O2-5% COrz (pH 7.4). 


t Each divalent cation deleted was replaced by an equivalent millimolar concentration of sodium. 


studies with rat gut homogenate, except that the gas 
phase was air. 
RESULTS 

Site of intrinsic factor action in the rat small in- 
Figure 1 demonstrates that uptake of 
vitamin B,, mediated by RIFC is greatest in 
everted sacs from the midportion of the rat small 
intestine. <A relatively high Co®-B,, uptake by 
the teminal ileum in the absence of RIFC was ob- 
served in three of four separate rat intestines. 

Divalent cation dependence of RIFC action. 
Table I demonstrates that RIFC does not ap- 


testine. 


TABLE II 


pH dependence of rat intrinsic factor concentrate in augment- 
ing absorption of Co**-B,2 by everted sacs * of rat small 
intestine 


pH of buffered 
mediumt Excess 
counts 

over 
control 


cpm 
everted 
RIFC sac 


Before After 
inc. inc, 


0 123 
= ig 259 
0 102 
5 i 44 
0 103 
+ 299 
0 86 
+ 35 
0 78 
: i 488 


| 


ma | 


136 


i 


ANDAMAN 
CO ST ST ISI 00 SII 
Or H+ 


SNS Nan ass 


— ee ee ee ee ee 


410 


—,) 


* All sacs as in Table I; each filled with 1.1 ml buffered 
medium at pH 7.1. 

t Buffered external medium in each flask contained 5,000 
uug Co*’-By2 with a gas phase of 100% Ox. 

¢ 0.085 ml 0.2 M NaOH had been added to buffer after 
first 15 minutes of incubation. 

§ 0.2 ml Tris acid maleate had been added to buffer after 
first 15 minutes of incubation. 


preciably enhance vitamin B,, uptake by everted 
sacs of rat small intestine when both calcium and 
magnesium are deleted from the medium. De- 
letion of calcium alone appears to reduce markedly 
the effect of RIFC. Deletion of magnesium alone 
does not. The finding that deletion of calcium 
from the incubation medium results in higher 
radio-B,, uptake by control sacs (without RIFC) 
has been previously noted (1). The calcium and 
magnesium dependence of RIFC action is also 


TABLE III 


pH dependence of rat intrinsic factor concentrate in augment- 
ing absorption of Co®-B,2 by mucosal homogenate of 
rat small intestine 


Excess 
counts 
over 
control 
homogenate 


pH of buffered 
medium* cpm, 
aliquot 
gut homo- 
genate 


Before After 
inc. inc. RIFC 
293 

156 

243 

135 

210 

231 

229 

372 

236 

409 

214 

406 

214 

463 

214 

454 

221 

529 


an 
a 
° 


—137 


a 


—108 


oe a) 


A 
_o 


mun 


me \ 


192 


A 
~~ 


249 


ve) 


240 


NRNmenaNsT 


O ie 


OO 00 CO CO SISINSISIN DADAM ne 
cf ee se 
a 


G0 60 00 CO NII NT SY 


308 


S 
© 
an 


* 5,000 uug Co™-Bi2 added to each aliquot of buffered 
medium. Incubation performed with air as gas phase. 
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demonstrable in rat small intestine mucosal ho- 
mogenate (Table I). 

pH dependence of RIFC action. ‘Table II 
shows that RIFC enhances vitamin B,, uptake 
by everted sacs of rat small intestine at pH 7.1 but 
not at pH 5.7. RIFC previously kept at pH 5.7 
for 15 minutes at 37° C enchances vitamin B,, up- 
take by everted sacs when the pH is raised to 6.8. 
The enhancing effect of RIFC at pH 7.1 is re- 
versed to one of inhibition by lowering the pH 
to 5.7. 

Table III indicates that the enhancing effect of 
RIFC on vitamin B,, uptake by rat small intestine 
homogenate increases stepwise as the pH is raised 
stepwise from 5.9 to 8.9. 


DISCUSSION 


The question of relevance to physiological fact 
arises with all in vitro systems, and can only be 
settled in each case by demonstrating that what 
occurs in vitro also occurs in physiological circum- 
stances in vivo. It has been demonstrated in vivo 
(15, 16) that the major site of absorption of vita- 
min B,, in the rat is the midportion of the small 
intestine. Prior studies (9, 17), confirmed here 
(using the entire length of rat small intestine), 
demonstrate that intrinsic factor-mediated vitamin 
B,. absorption in everted sacs of rat small in- 
testine is greatest in the same portion of the small 
intestine. This indicates anatomical and physio- 
logical similarities of the im vitro everted sac 
system to the im vivo system for the absorption 
of vitamin B,, in the rat. Moreover, in quantitat- 
ing the sites of vitamin B,, absorption, the in 
vitro system excludes in vivo variations in the 
contents of the intestinal lumen, such as distally 
diminished amounts of intrinsic factor and radio- 
active vitamin B,, or local differences in pH. 

The finding of calcium dependence of intrinsic 
factor action at 37° C in everted sacs of rat small 
intestine and in rat small intestine homogenate 
using homologous intrinsic factor also has a 
counterpart in vivo (2). In man, short-term (18, 
19) or long-term (19, 20) treatment with cal- 
cium-chelating agents appears to inhibit vitamin 
B,, absorption and eventually to lower serum vita- 
min B,, levels (19, 20). 

Calcium appears to be essential for binding of 
intrinsic factor to the hypothetical receptors on 
the small intestinal mucosa (1, 2). It is inter- 
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esting that in Hydra, which requires bound cal- 
cium for the action of surface receptors, mag- 
nesium antagonizes rather than partially sub- 
stitutes for the action of calcium (21). The find- 
ing that magnesium may partially substitute for 
calcium was foreshadowed by the evidence that 
magnesium EDTA was a less potent blocker of 
RIFC action than was disodium EDTA (2). 
The studies of pH dependence here reported 
reinforce previous clinical (6) and experimental 
(7) findings in vivo and in vitro, They demon- 
strate that RIFC is unable to enhance vitamin B,, 
absorption at pH 5.7, but that a slight rise in pH 
The 
suppression of ionization of carboxyl groups on 
mucosal cell surfaces (22) or on mucoproteins 
(23) by low pH may be related to the dependence 
of RIFC adsorption on divalent cations such 
as Ca** and Mg**. At any rate, it appears that 
the ineffectiveness of RIFC at pH 5.7 is not due 
to damage to the molecule, since its enhancement 


to 5.9 or above allows such enhancement. 


ability is restored on again raising the pH. These 
findings suggest that a pH above 5.7 is required 
for intrinsic factor to attach to receptors on the 
intestinal mucosa, especially since the enhancing 
effect of RIFC on vitamin B,, uptake by everted 
sacs of rat small intestine appears to become in- 
hibitory when the pH of the system is reduced to 
5.7. This may be due to a combined effect: the 
low pH obliterates the RIFC enhancement and 
RIFC binds most of the vitamin B,, (2), leaving 
very little free in solution to diffuse into the gut 
mucosa. 

Preliminary experiments (not shown) dem- 
onstrated that comparable enhancing effects with 
RIFC upon Co®-B,, absorption could be demon- 
strated in either everted sacs or suspensions or 
homogenates of mucosal scrapings from the rat 
small intestine. The homogenate system possesses 
the advantage that it eliminates variations in the 
measurement or in the inherent activity of the 
mucosa of different everted mid-intestinal seg- 
ments (Figure 1). Consequently, a single ali- 
quot of the mucosal homogenate can serve as a 
control for a number of experimental flasks. In 
this respect the intestinal homogenate system has 
the advantages for RIFC studies that the liver 
homogenate system (24) possesses for studies 
(24, 25) of hog intrinsic factor concentrate ac- 
tivity. In the intestinal homogenate system, as in 





1982 VICTOR HERBERT AND 


the liver homogenate system, the intrinsic factor 
effect is observable at room temperature and at 
3° C, as well as at 37° C (data not presented). 
Since each aliquot of intestinal homogenate is iden- 
tical with every other aliquot, this system appears 
to provide a fairly quantitative assay for intrinsic 
factor activity. Unpublished studies (26) indi- 
cate that homogenate prepared from the bottom 
half of guinea pig small intestine may prove more 
useful for “assay” of human intrinsic factor ac- 
tivity than the everted sacs of guinea pig small in- 
testine previously (10) suggested. 


SUMMARY 


1. Prior in vivo and in vitro findings that the 
midportion of the small intestine of the rat is the 


site of vitamin B,, absorption were confirmed in 
vitro. 

2. Calcium is required for rat intrinsic factor 
concentrate (RIFC) adsorption to everted sacs 
of rat small intestine or to rat small intestine mu- 
cosal homogenate im vitro. Magnesium can par- 
tially substitute for calcium. 

3. The enhancing effect of RIFC on vitamin B,, 
absorption occurs at pH 5.9 or higher. It is 
sharply pH dependent and at pH 5.7 is reversed 
to an inhibitory effect. 

4. Small intestine mucosal homogenate is a use- 
ful tool for studies of intrinsic factor activity and 
the factors affecting it. 


ADDENDUM 


At the Second European Symposium on Vitamin B,. 
and Intrinsic Factor (Hamburg, Germany, August 2-5, 
1961) (Proceedings to be published by Ferdinand Enke 
Verlag, Stuttgart) it was reported by Niewig, Abels, 
Vegter and Hellemans that sodium bicarbonate enhanced 
the decreased vitamin B,. absorption of two patients with 
pancreatic insufficiency, presumably by raising the low 
pH of the duodenal contents. Their results suggest that 
our findings in rats i vitro may be applicable to man 
In VIVE 
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Measurement of the rate of accumulation of ra- 
dioiodine by the thyroid gland is of considerable 
clinical value, since in most instances an avid up- 
take of radioiodine may be correctly assumed to be 
due to a high rate of uptake of stable iodide by the 
thyroid. This measurement, expressed as a per- 
centage of the administered radioiodine dose ac- 
cumulated per unit time by the thyroid, does not 
give a quantitative measurement of the stable in- 
organic iodide being accumulated by the gland. 
Occasionally an avidity for radioiodine may be 
attributable to an abnormally small extrathyroidal 
iodide pool, as in the case of the patients with en- 
demic goiter described in the classic report of 
Stanbury and his associates (1). 

In 1949 Stanley described a method for the 
measurement of stable iodide accurrulation by the 
thyroid gland using the radioiodine uptake of the 
thyroid and the specific activity of simultaneously 
excreted urine; i.e., the ratio of radioactive to 
(2). The technique 
extended the information obtainable by the study 
Technical diffi- 
culties associated with the chemical measurement 


stable iodide in the urine 
of radioiodine accumulation alone. 


of trace quantities of stable inorganic iodide have 
prevented its widespread application to studies 
of thyroid disease. The purpose of this paper is 
1) to describe a new technique for the accurate 
and sensitive measurement of iodide in biological 
fluids, and 2) to present the results of its use in 
studies of the relationship between plasma inor- 
ganic iodide concentration and iodide accumulation 
by the human thyroid gland. 


METHODS 


Principles of activation analysis. Since its introduction 
by Hevesy in 1935, neutron activation analysis has been 


* Presented in part before the American Goiter Asso- 
ciation in Philadelphia, May 6, 1961. 
+ Postdoctoral Fellow, U. S. Public Health Service. 


developed into one of the most sensitive and accurate 
methods for the determination of The 
element to be determined is made radioactive by neutron 
irradiation, usually carried out in a nuclear reactor, and 
is identified by the characteristic gamma-ray emission and 
Quantitative 


trace elements. 


rate of decay of the resulting radionuclide. 
measurements are possible, since the amount of radioac- 
tivity induced is proportional to the amount of the ele- 
ment present. 

In some tissues trace elements are sufficiently con- 
centrated to be 
prior to activation. 


measured without chemical separation 
For example, gamma-ray spectra of 
the radioactivity induced in human tooth, thyroid, and 
bone are shown in Figure 1. The gamma spectrum of 
tooth after 1 minute’s activation was very similar to the 
spectrum obtained from activation of ammonium fluoride. 
(Figure 1A) and the half-life 


The gamma spectrum 


The photopeak energy 
were characteristic of fluorine”. 
of human thyroid tissue included the characteristic photo- 
peak of iodine™ and had an identical half-life (Figure 1B) 
Figure 1C shows the result of 10-minute activation of 
normal human bone. The spectrum had the 
photopeaks of calcium®, fluorine”, sodium”, and mag- 
nesium”™. 

In most biological materials it was not possible to de- 
without re- 


gamma 


tect trace elements by neutron activation 
moving the large quantities of sodium and chlorine that 
dominated the gamma-ray spectrum. Spencer, Mitchell 
and King (3) presented the results of neutron irradiation 
of serum. Gamma emissions from Na™ and Cl™ pre- 
vented application of the technique to studies of trace 
elements in serum. Similarly, activation of normal urine 
for 1 hour produced a gamma-ray spectrum identical 
with that of sodium chloride (Figure 2). Utilization of 
differential activation times or differential decay times 
to measure iodide in the presence of large amounts of 
chloride was impossible because of the similar half-lives 
of chlorine® (37 minutes) and iodine™ (25 minutes) ; to 
measure iodide (or bromide) in urine, it was necessary 
to separate these halogens from chloride and sodium prior 
to activation. 

Analytical procedure for measurement of urinary todide. 
Urine samples that had been collected in iodine-free con- 
tainers were passed at a flow rate of approximately 100 
ml per hour through polyethylene columns (5 cm long, 
0.6 cm diameter) containing 0.8 ml of Amberlite [RA- 
400 anionic exchange resin (CI form). Urinary iodide 
was adsorbed by the column, while sodium and other cat- 
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ions passed through. The chloride on the resin column 
was then preferentially eluted with 60 ml of 0.013 M 
ammonium thiocyanate solution. At this volume and 
concentration, thiocyanate was able to displace chloride 
without displacing iodide from the resin. With iodine™ 
or iodine™ as tracer, the recovery of iodide from this 
procedure was determined for each sample studied. The 
resin columns were then wrapped in plastic film to pre- 
vent contamination. After the radioiodine had decayed 
sufficiently,1 the resin columns were activated for 1 hour 
in the National Naval Medical Center reactor at a ther- 
mal neutron flux of 2.25 x 10° neutrons per cm’ per 
second. 

After activation the samples were placed in a scintil- 
lation detector, a 2.75-inch diameter well-shaped sodium 
iodide crystal. Gamma-ray spectra were determined on 
a 100-channel pulse height analyzer. A typical spectrum 
of a urine sample after activation is shown in Figure 3. 
The photopeaks are those of iodine™, bromine™ and resid- 
ual chlorine*®. The resin blank and the polyethylene 
container showed negligible induced radioactivity at this 
neutron flux. It can be seen (Figure 3) that the Comp- 
ton radiation from the residual chlorine* and bromine” 
contributed to the radioactivity measured at the iodine™ 
photopeak. Therefore it was necessary to subtract this 
activity to obtain the true count rate of iodine™. With 
ach unknown sample, the amount of iodide on the resin 
column was calculated by comparing its induced ac- 
tivity with the activity induced in iodide standards of 
known weight activated on identical resin columns under 
identical conditions. The relationship between induced 
iodine™ radioactivity and the iodide content of standard 
solutions of ammonium iodide in a typical experiment 
is shown in Figure 4. There was a linear response of 37 
cpm per wg iodide. This induced radioactivity was very 
reproducible (+5 per cent) and agreed with the radio- 
activity predictable for the neutron flux and the detection 
system employed. 

Experimental procedure used to measure todide uptake 
by the thyroid. The procedure used in patients to meas- 
ure the urinary excretion and thyroid uptake of stable 
iodide was as follows. The studies were begun at 9 a.m. 
with the patients in the fasting state. After the patient 
had emptied his bladder, a tracer dose of 4 uc of carrier- 


free sodium iodide™ 


or 10 we of carrier-free sodium io- 
dide™ was given. Both the oral and intravenous routes 
of administration were studied. At the end of 2 hours 
thyroid uptake was measured with a flat-field collimated 


2.75-inch sodium iodide scintillation detector, gamma-ray 


1] was more suitable than I™, since the shorter half- 
life of 2.3 hours permitted activation 24 hours after col- 
lection of the urine. 

Fic. 1. A. GAMMA-RAY SPECTRUM OF HUMAN TOOTH 
COMPARED WITH THAT OF AMMONIUM FLUORIDE. B. 
GAMMA-RAY SPECTRUM OF HUMAN THYROID; I™ Is THE 
PRINCIPAL PHOTOPEAK OF THE SPECTRUM. C. GAMMA- 
RAY SPECTRUM OF HUMAN BONE; PHOTOPEAKS ARE CA”, 
F* Na™, anp Mc”. 
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(;AMMA-RAY SPECTRUM OF URINE IS SIMILAR TO THAT OF SODIUM 
CHLORIDE. 
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Fic. 3. GAMMA-RAY SPECTRUM OF A RESIN COLUMN AFTER ADSORPTION OF 
URINE AND ELUTION WITH 60 ML oF 0.013 M AMMONIUM THIOCYANATE. 
The photopeaks are iodine™, bromine”, the residual chlorine® not eluted by 
the thiocyanate. 
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spectrometer, and ORINS standard thyroid uptake phan- 
tom. The thyroid uptake was expressed as 
neck radioactivity 
— radioactivity with thyroid shielded 
ee ms x 100 
dose radioactivity in standard phantom 


- radioactivity with dose in phantom shielded 


In I" studies, a 1.5 cm-thick lead shield was used to elim- 
inate the thyroidal radioactivity ; a 5 cm-thick shield was 
used in I’ studies because of the increased gamma energy 
from the latter nuclide. 

A further correction for extrathyroidal radioactivity 
was determined by studies in which 10 euthyroid sub- 
jects were given large doses of Lugol’s solution to com- 
pletely block thyroid uptake. Neck measurements were 
made 2 hours after the intravenous injection of I and 
I™ (five subjects for each isotope). The radioactivity 
counted beneath the lead shield was 2.6+0.4 per cent 
dose (mean+1 SD) for I* and 2.5+0.8 per cent dose 
for [*. These values were subtracted from the thyroid 
uptake measurements in calculation of the uptake rates 
of stable iodide. 

Immediately after the thyroid measurement the pa- 
tient urinated into a disposable iodine-free container. 
The collected urine was then passed through one of the 
previously described resin columns. Recovery of iodide 
by the resin column was measured, with the I or I™ as 
The percentage of the administered dose of 
radioiodine on the resin column was measured by com- 
paring it with a standard containing one-tenth of the 
dose adsorbed by a blank resin column and counted un- 
der identical geometric conditions. 

After the administered radioiodine had decayed to 
negligible levels, the stable iodide content of each resin 


a_ tracer. 
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The thy 
roid uptake of stable iodide was calculated according to 


column was measured as described previously. 
the following formula: 


thyroid uptake (TU) (ug/2_hrs) = 


TU (% dose I'*!/2 hrs)* "urine iodide excretion (ug /2 hrs 
ai boa urine excr., (“%_dose [81/2 hrs) 

In five subjects selected as euthyroid, the relationship 
between plasma inorganic iodide concentration and thy- 
roid iodide accumulation was measured at various plasma 
inorganic iodide levels produced by exogenous iodide ad- 
ministration. These subjects were hospitalized on the 
research ward of the Johns Hopkins Hospital, and re 
ceived a usual hospital diet. After control studies iodine 
was given orally every 4 hours as potassium iodide. The 
daily dose was increased progressively over a 2-week pe 
riod from 1,200 to 7,200 ug per day. In three subjects 
iodide administration at a level of 10,000 ug per day was 
continued for an average of 37 days. Radioiodine ac 
cumulation was measured daily for 12 days; thereafter 
it was measured weekly. Radioiodine (I’”) 
intravenously 2 hours after the 8 a.m. oral iodide dose 


was given 


Measurement of stable and radioactive urinary iodide was 
performed as previously described. 

Plasma iodide concentration 1 hour after administra- 
tion of the dose was measured by comparing the radio 
activity of the plasma with a standard containing 1/25 oi 
the dose. The sample was obtained at the midpoint of 
the urine collection period. The plasma iodide concen- 
tration was calculated, using the urinary specific activity 
as follows: 


% dose 1/5 ml plasma'l_ % dose I'® urine 


ug 17/5 ml plasma ug I'?7 urine 


‘. 
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Fic. 4. RELATIONSHIP BETWEEN IODIDE CONTENT (NH,I sTANDARDS) 
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AND 


INDUCED RADIOACTIVITY AS MEASURED IN THE PRESENT SYSTEM. 
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RESULTS 


I. Study of euthyroid subjects. Thirty-four 
euthyroid subjects were studied (Table I). The 
mean uptake of stable iodide corrected for total 
neck extrathyroidal radioactivity was 5.9 + 4.4 
(mean + SD) yg per 2 hours (range, 1 to 20 pg 
per 2 hrs). The mean excretion of stable iodide 
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? 


169+9.4 wg per 2 hours (mean + SD). 
The radioiodine uptake ranged from 4 to 13 per 
cent In 15 euthyroid subjects the 
plasma concentration of stable iodide was deter- 
mined 1 hour after administration of the tracer 


was 


per 2 hours. 


dose. The mean value was 5 pg per L (range, 1 
to 10 pg per L). 

Of particular interest was the finding that the 
subjects with the highest excretion of stable iodide 
did not have a radioiodine uptake significantly 
different from those with lower urinary iodide ex- 
cretion over the of 
plasma iodide concentration observed in these 


rates. In addition, range 
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Stable and radioiodine measurements in euthyroid subjects 
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t Additional correction by thyroid block for total neck extrathyroidal radicactivity. 


t Calculated as follows: 


100% dose radioiodine — [4 thyroid uptake (% dose/2 hrs) + } urine excretion (% dose/2 hrs) ] 
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Fic. 5. MEASUREMENTS OF ACCUMULATION OF I® AND 
I™ By THE THYROID DURING THE FIRST 10 DAYS OF IN- 
CREASED IODIDE INTAKE IN A EUTHYROID SUBJECT. Plasma 
inorganic iodide concentration is shown. 


subjects, stable iodide uptake by the thyroid was 
highest in those subjects with the highest con- 
centration of inorganic iodide in their plasma. As 
a result of these findings, the study was extended 
as described in the following section. 

IT. Relationship between serum iodide level and 
the accumulation of iodide by euthyroid subjects. 
Selected euthyroid subjects were hospitalized and 
received a usual hospital diet. After control stud- 
ies iodine was given orally every 4 hours as po- 
tassium iodide. The daily dose was increased 
progressively over a 2-week period from 1,200 to 
7,200 wg per day. In three subjects iodide admin- 
istration at a level of 10,000 wg per day was con- 
tinued for an average of 37 days. Stable and 
radioiodine accumulation was measured daily 
for 12 days; thereafter it was measured weekly. 

An example of the first 12 days of a typical 
study is presented in Figure 5. During the con- 
trol period, when no exogenous iodide was added 
to the diet, the patient’s 2-hour thyroid uptake (per 
cent dose) was 6 per cent on successive days. 
The patient excreted 15 and 14 yg of inorganic 
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iodide per 2 hours. The thyroid uptake of stable 
iodide was 8 and 5.5 pg per 2 hours. Correspond- 
ing plasma concentrations were 7 and 5 yg per L. 
During administration of potassium iodide, begun 
on the fourth day, the uptake of radioiodine (1'**) 
by the thyroid gradually decreased. By Day 12 it 
had decreased to 1.9 per cent dose per 2 hours. 
Concurrently, the excretion of [*?? in- 
creased progressively to 418 wg per 2 hours. In 
contrast to the decreasing radioiodine uptake, the 
uptake of stable iodide increased from 7 pg per 2 
hours during the control period to 42 wg per 2 
hours on Day 12. The plasma inorganic iodide 
concentration increased to 169 yg per L. 

Thus it was found that, as the iodide intake in- 
creased from 1,200 to 7,200 wg per day, the thy- 
roid uptake of radioiodine decreased. However, 


urinary 


the concomitant increase in plasma iodide concen- 
tration resulted in a progressive accumulation of 
stable iodide despite the decreased radioiodine ac- 
cumulation. 

Each of the five euthyroid subjects studied dur- 
ing iodide administration showed a similar pat- 
tern during the first 2 weeks. A summary of the 
results in the five patients is presented in Figure 
6. At each level of iodide intake, extending over 
of 37 days, the thyroid uptake 
is shown both as a percentage of the radioiodine 
dose and as uptake of stable iodide. Despite the 
fall in radioiodine accumulation as the iodide in- 
take increased, accumulation increased 
rapidly until the intake reached 5,500 wg per day. 
Thereafter it fell steadily, but even after more than 
a month of high iodide intake, stable iodide ac- 
cumulation exceeded control levels. In one sub- 
ject the uptake of stable iodide was 75 yg per 2 
hours while receiving 7,200 pg iodide per day. 
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Fic. 6. RELATIONSHIP BETWEEN IODIDE ADMINISTRA- 


TION AND THYROID UPTAKE OF STABLE IODIDE DURING THE 
37-DAY PERIOD OF IODIDE ADMINISTRATION. 
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Fic. 7. RELATIONSHIP PLASMA INORGANIC 
CONCENTRATION AND UPTAKE OF STABLE IODIDE BY 


The study covered a period of 37 days. 


BETWEEN 
ODIDE 
HE THYROID 


(Jn Day 16 of the study, while on this dose of 
iodide, the subject was given 20 yc of I'**. The 
2-hour radioiodine uptake (corrected for neck 
extrathyroidal radioactivity) was 3 per cent; 48 
hours later 10 per cent of the administered dose 
remained in the gland. This indicates that the in- 
organic iodide continued to accumulate during the 
2-day period and that iodide initially trapped was 
not being readily discharged from the gland. This 
does not imply that synthesis of the trapped io- 
dide was progressing to thyroid hormone, but that 
the trapped iodide was not merely entering the 
thyroid and shortly thereafter re-entering the cir- 
culation. 

The plasma concentration of stable iodide was 
determined at each level of iodide administration in 
all five subjects. A total of 51 determinations was 
made. Figure 7 illustrates that the initial increase 
in concentration of plasma iodide produced a cor- 
responding increase in the rate of uptake of stable 
iodide by the thyroid. After the plasma iodide 
concentration reached 100 pg per L, iodide ac- 
cumulation began to fall. even at the 
end of the 37-day period of the study, uptake of 


However, 


stable iodide by the thyroid still greatly exceeded 
control values. 


DISCUSSION 


The present studies were designed to enable meas- 
urement of the rate of uptake of stable iodide by 
A tech- 


nique of neutron activation analysis was developed 


the thyroid in micrograms per unit time. 
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to enable accurate and sensitive measurement of 
the trace element, iodide, in biological fluids. In 


the past, application of neutron irradiation tech 


niques to the analysis of trace elements in biologi 
cal material has been limited by the large quan- 
tities of sodium and chloride that dominate the 
gamma-ray The 
utilized anion exchange resins and selective elu- 


spectrum. present technique 
tion to remove these substances prior to activation. 
At (2.25 x: 10° 


n/cm*/sec) although it was not possible to meas 


the neutron flux employed 


ure the exceedingly small amounts of inorganic 
iodide normally present in plasma, urinary iodide 
Our 
basic assumption in measuring the stable iodide 
uptake by the thyroid was identical with that of 
Stanley (2), who measured both the radioiodine 
uptake of the thyroid gland and stable iodide con 
centration of the simultaneously excreted urine. 
At any after the 
tracer dose of radioiodine, the specific activity 
(1**1/I***) of urinary iodide is the same as that 


concentration could be readily measured. 


moment administration of a 


of plasma. This assumption appears justified, 
since there is no evidence of a renal iodide pool 
(4). 


which exogenous iodide was given and plasma io 


Furthermore, during an experiment in 


dide was raised to measurable levels, the simul- 
taneous specific activities of serum and urine were 
nearly identical. 

In 34 fasting euthyroid subjects, the mean iodide 
uptake was 6 + 4 pg per 2 hours (mean + SD). 
These values were lower than those of Stanley (2) 
who found that mean thyroid uptake of iodide in 
14 subjects was 10 yg per hour (range, 3 to 19), 
and of Fitting (5) who found that mean uptake of 
eight fasting euthyroid subjects was 4.5 pg per 
hour (range, 1 to 17). More recently, Koutras 
and co-workers (6) reported the mean iodide 
uptake of eight euthyroid patients to be 2.9 + 1.3 
pg per hour (mean+1 SD). In the euthyroid 
subjects of the present study the radioiodine up 
take did not correlate with urinary iodide excre- 
tion or the plasma concentration of inorganic io- 
dide. Thus, in these subjects, living in an area 
where there was no iodine deficiency, the radio- 
iodine accumulation by the thyroid did not ap- 
pear measurably influenced by the day-to-day 
fluctuations in iodide pool size. Similar results 
were reported in the normal subjects without evi- 


dence of iodide deficiency studied by Koutras and 
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The correlation between radioiodine 
accumulation and stable iodide concentration in 


asst clates. 


patients with nontoxic goiter was observed only 
when the serum iodide concentration was below 
1 to 2 wg per L. 

Childs and collaborators reported in 1950 that 
in hyperthyroid subjects, the iodide-trapping func- 
tion as measured by radioiodine accumulation was 
not altered with carrier iodide doses in the range 
0.1 to 100 mg, but was suppressed by doses of 
500 mg or more (7). 
ot thyroid hormone by the gland was suppressed 
at lower concentrations (5 yg of inorganic iodide 
per 100 ml plasma) than those required to sup- 
press the iodide-trapping function. This work 
extended to hyperthyroid patients the studies of 
Wolff and Chaikoff who had found that organic 
binding of iodide by the rat thyroid was blocked 
so long as plasma iodine remained above 20 to 35 
wg per 100 ml (8). 
in organic binding of iodide, the rat thyroid con- 
tinued to concentrate iodide. 

To study experimentally the effect of large 
increases in iodide pool size on both radioiodine 


In contrast, the synthesis 


However, despite the block 


uptake and the accumulation of stable iodide by the 
thyroid, five euthyroid subjects were given pro- 
gressively increasing amounts of oral iodide. As 
shown in Figure 7, radioiodine uptake decreased 
as iodide intake increased, but the rate of de- 
crease of radioiodine uptake was very grad- 
Consequently, the thyroid accumulated in- 
When iodide 


ual. 
creasing quantities of stable iodide. 
intake exceeded 6,000 pg per day, the radioiodine 
accumulation had decreased to the point that the 
amount of stable iodide accumulated began to de- 
crease despite increasing iodide intake. At the end 
ot 37 days, however, stable iodide accumulation 
hy the thyroid still exceeded control levels. 

To explain our observations, we suggest the 
following hypothesis. The thyroid gland accu- 
mulates a constant fraction of the extrathyroidal 
iodide pool; i.e., iodide accumulation approxi- 
mates a first-order reaction. Thus, day-to-day 
variations in iodide intake result in corresponding 
variations in the amount of stable iodide accu- 
mulated by the thyroid. If we postulate that the 
iodide concentration gradient in the thyroid gland 
is maintained by the presence of a carrier with 
which iodide reacts, how can the first-order dy- 
namics be explained? We must postulate that the 
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concentration of the carrier is high relative to the 
iodide concentration in plasma. It is not sig 
nificantly reduced by its reaction with plasma 10 
dide ; consequently, it can be treated as a constant 
Variation in the rate of the first-order reaction 
—i.e., in the rate of accumulation of radioiodine 
is produced by physiological increases or decreases 
in the concentration of the carrier. 
prolonged administration of iodide results in a 


For example, 


gradual decrease in radioiodine accumulation, 
presumably until stable iodide accumulation is 
reduced to normal amounts. This can be seen in 
the present experiments and is consistent with 
the clinical observation that prolonged iodide ad 
ministration does not result in hyperthyroidism. 
On the other hand, the classic studies of Stanbury 
and, more recently, of Koutras and co-workers, 
are consistent with the hypothesis that prolonged 
iodide deficiency eventually results in an increased 
amount of carrier substance. This results in an 
increased rate of the first-order reaction describ 
ing iodide accumulation. Consequently, many 1o- 
dide-deficient patients accumulate normal amounts 
of iodide and remain euthyroid. That these pa 
tients also accumulate iodide by a reaction with 
first-order dynamics is suggested by the obser 
vation of Stanbury that the administration of 
1,500 pg of stable iodide daily for as long as a week 
failed to change the radioiodine uptake. 


SUMMARY AND CONCLUSIONS 


1. In the present study a technique of neutron 
activation analysis was used to measure trace 
quantities of inorganic iodide in urine. Anion ex 
change resins and selective elution permitted 
removal of interfering sodium and chloride from 
urine prior to the activation procedure. 

2. The uptake of stable iodide by the thyroid 
was determined by measuring the radioiodine up- 
take and specific activity (1**/I***) of simul- 
taneously excreted urine. 

3. In 34 fasting euthyroid subjects the mean 
iodide uptake by the thyroid was 32 yg per 
hour. Plasma concentration of inorganic iodide 
averaged 0.005 yg per ml. 

4. Day-to-day variations in iodide intake re 
sulted in corresponding variations in the amount 
of stable iodide accumulated by the thyroid, since 


iodide accumulation approximated a_ first-order 


reaction. 
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~. 


dide resulted in a gradual decrease in radioiodine 
This resulted in a decreased ac- 


5. Prolonged administration of exogenous io- 


accumulation. 


cumulation of stable iodide only after several 
weeks of greatly increased iodide uptake by the 


thyroid. 

6. A mechanism postulated to explain the dy- 
namics of iodide accumulation by the thyroid was 
presented. 
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30th epinephrine and norepinephrine enhance 
the process of fat mobilization. This property of 
promoting lipolysis has been observed both 1m 
vitro by demonstrating the release of free fatty acids 
(FFA) and glycerol from adipose tissue within 
the medium, and in vivo by the increase in the lev- 
els of plasma FFA in the fasted, resting indi- 
vidual (1-3). It was the intent of this study to 
determine whether the property of lipolysis was a 
singular characteristic of epinephrine and norepi- 
nephrine or whether other catechols and other 
vasoactive substances also could promote fat mo- 
It is known that a certain structure- 
activity relationship exists for the various sym- 


bilization. 


pathomimetic compounds as well as for other 
It was of interest to determine 
whether lipolysis was also dependent upon a spe- 
cific chemical structure. 


classes of drugs. 


METHODS 


Volunteer male subjects or patients without known 
metabolic disorders were studied after an overnight fast. 
After being brought to the laboratory the individual was 
placed in the supine position. Cournand needles were 
inserted into antecubital veins of both arms, and all ef- 
fort was made to reduce conversation or external stim- 
uli. A series of two to three preinfusion (“control”) 
samples was then drawn 10 to 15 minutes apart. A 15- 
minute period of infusion of the test substance was then 
begun, with a Bowman constant infusion pump. After 
the infusion, samples were drawn at 0, 10, 20, 30, 45, and 
60 minutes. Blood pressure was measured by the cuff 
The total period of observation did not ex- 
ceed 120 minutes from the time the subject entered the 
laboratory until the last samples was drawn. All blood 
samples were drawn into heparinized syringes and im- 
mediately chilled. Plasma FFA was measured by a 
modification of the Dole technique (4). 


technique. 


* Supported by North Carolina Heart Association, Life 
Insurance Medical Research Fund, Irwin Strassburger 
Memorial Fund and Duke University Center for the 
Study of Aging (H-3582 and M-2109). 


RESULTS 


The initial studies were directed at developing 


a “standardized” or “control” method of assay of 
compound activity. The first set of observations 
was made on 20 fasting subjects who were kept in 
the supine, resting position for the entire study, 
receiving an intravenous infusion of 0.9 per cent 
The (=1 SE) peak rise in 
plasma FFA (when compared with the immediate 
preinfusion value) for this group was 150 + 42 
pEq per L. This method of assessing the change 
in plasma FFA level was used for all studies. 
The second set of observations was designed to 
determine the response to both norepinephrine 
and epinephrine when administered in amounts 
that do not produce symptoms in the subject. 
The mean (+1 SE) peak rise for norepineph- 
rine at a rate of 10 wg per minute (total dose, 
0.150 mg) in 12 subjects was 640 + 110 pEq per 
L.; and for epinephrine at a rate of 2 wg per minute 
(totai dose, 0.030 mg) in 7 subjects, it was 986 + 
205 pEq per L. 


saline. mean 


These rates of infusion exceeded 
the minimal amount of both norepinephrine and 
epinephrine that would produce a rise in plasma 
FFA level exceeding the “control” response of 
150 + 42 pEq per L (3). For norepinephrine 
the minimally effective dose was 2 wg per minute 
(total dose, 0.0075 mg). 
these initial observations, both as to the magni- 


It is in reference to 


tude of a peak response and to the minimally ef- 
fective amount, that the remainder of the com- 
pounds were evaluated. 

Table I lists the peak response in FFA levels 
for all compounds studied. Isoproterenol (Isu- 
prel) alone consistently effected a peak response 
of significant magnitude. It should be noted 
that many of the compounds failed to result in a 
significant rise in FFA level when infused in 
amounts greatly exceeding the effective lipolytic 
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rABLE I 


Peak FFA and blood pressure response to intravenous infu 


ion of catechol compounds 


and vasoactive polypeptides 


Compound Subjects 


Saline 20 subj. 


Norepinephrine 12 subj 


Epinephrine 7 subj 


Isoproterenol 


3,4 Dihydroxy- 
phenylacetic acid 


. a-Methyl-dopa 


Dopamine 


3,4 Dihydroxy 
mandelic acid 


3-Methoxy, 4-hydroxy 
mandelic acid 


pL-metanephrine 


Normetanephrine 


Ephedrine 


3. Phenylephrine 


. Metaraminol 


. Mephentermine 


. Methoxamine 


. Vasopressin 


Angiotensin 


or vasoactive dose of norepinephrine or epineph- 
rine. 
DISCUSSION 


Figure 1 illustrates the presently formulated 
outline of the biogenesis and degradation of nor- 
epinephrine and epinephrine. It was the intent 
of this study to test as many of the compounds in- 
volved in the sequence of chemical events as were 


450 


22.32 


Total 
dose Peak A FFA Peak B.P. A 
mm Hg 


+10/+5 


pEq, L 
Mean + SE: 
+-150 + 42 
Mean + SE: 
+640 + 110 


Mean + SE: 
+ 986 + 205 

0.032 + 2 

0.032 + 2 


mg 
0.780 


0.150 +30/+20 


0.030 +30/+5 


+20/— 
) +40/ 


30 
30 


104 
150 


—15/—5 
~20/—10 


—10/—10 
0/—15 


0.324 


77 


1.060 
7.660 


0.464 —15/—10 


0.364 


0.324 
0.648 


1.620 


16 
16.5 


—5/0 
0/0 
0/8 

/0 


i 
+ 


+10/+5 
+10/0 
+12/0 
+12/—10 


444/415 
4+50/+32 
4+30/+20 


+30/+15 


+10/+5 

+15/+15 
+20/+10 
+40/+20 


+60/+10 


+5/+5 
+15/+8 


+66/+41 
+25/+28 
+30/+20 
+15/+20 
+20/+30 
+15/+16 


24.00 


0.780 
0.540 
0.540 


1.08 


available. Of the six compounds actually assayed. 


neither the two before (dopamine and dopa *) nor 
the four degradative products after (3,4-dihy- 
droxy mandelic acid; 3-methoxy,4-hydroxy man- 
delic acid; normetanephrine; metanephrine) nor- 


1 @-Methyl-dopa was actually studied, since the addi- 
tion (rather than any substitution) of a methyl functio1 
was not considered inhibiting to a fat mobilizing agent 
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Chemical groups in bold outline are the units considered 


to be necessary for fat-mobilization effect in man. 


epinephrine and epinephrine had any significant 
effect upon the plasma FFA level. These obser- 
vations led us to believe that the structural con- 
figuration of the active compounds may be spe- 
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hydroxyl group. 
for FFA response 


HCOH 
HeC-WNCH, 


Epinephrine 


cific for the fat mobilizing effect, and, accordingly, 
the series of compounds illustrated in Figure 2 was 
studied. It will be noted that whenever either 
or both hydroxyl functions in the phenyl ring 
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were removed [phenylephrine (Neo-synephrine), 
ephedrine, metaraminol (Aramine), methoxamine 
(Vasoxyl)] or altered (normetanephrine), FFA 
effect was lost. The loss of one of the phenyl 
hydroxyl (3-hydroxy) and the B-carbon hydroxy] 
(Wyamine) | 
The loss of the B-carbon 


group also. re- 
sulted in inactivity. 


hydroxyl (dopamine) also modified activity. The 


[mephentermine 


addition of two methyl groups to the carbon al- 
ready bound to the amino nitrogen (isoproterenol ) 
These 
however, 


does not modify fat-mobilizing activity. 


several structural alterations do not, 
completely remove the vasoactive property of 
Figures 1 and 2 


have been drawn so as to emphasize the four 


these compounds (Table I). 


chemical groups which must be present in relation- 
ship to the benzene ring to cause a fat-mobilizing 
The FFA activity of isoproternol, con- 
taining the four groups, should be noted, because 


response. 


it is a synthetic compound in which the struc- 
tural alterations have resulted in changes in the 
specific cardiovascular effect, but in which the 
fat-mobilizing effect is still present. 

The studies of the vasoactive polypeptides were 
conducted in order to test whether the vascular 
effects were comparably separable from any lipo- 
lytic effects; the absence of any plasma FFA in- 
crease would indicate that such an independence 


of activity does exist. 
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SUMMARY 


1. The effect of the intravenous infusion of a se- 
ries of catechol compounds and vasoactive poly- 


peptides upon the plasma free fatty acid level of 


fasting, resting individuals was studied. 

2. The presence of a benzene ring with two 
hydroxyl groups in the 3 and 4 position, a B-carbon 
hydroxyl and an amino group attached to the 
a-carbon atom are the four concomitant chemical 
functions necessary for effective fat mobilizing 
property in man. 

3. Although the polypeptides studied demon- 
strated vascular activity, no lipid-mobilizing ef- 
fect was noted, further supporting the suggested 
specificity of the chemical structure necessary for 
fat mobilization. 
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This study was undertaken to investigate the 
entry of administered cortisol and one of its meta- 
bolic products into the cerebrospinal fluid (CSF) 
of dogs under a variety of conditions. Cortisol, 
one of the principal circulating adrenal cortical 
steroids of man (1, 2) enters the CSF (3-5), but 
little is known about the rate at which it passes 
into the CSF or what factors regulate its passage. 
Although the relationship of CSF to the extra- 
cellular fluid of the brain is complex, it is generally 
accepted that the two compartments are in equi- 
librium, and that the blood-CSF and blood-brain 
barriers do not differ qualitatively in their re- 
spective permeability characteristics (6, 7). The 
data of this study on the entry of cortisol into CSF 
can therefore be considered relevant to the prob- 
lem of penetration of cortisol into the brain. This 
is of some clinical importance with respect to the 
known effects of cortisol upon brain metabolism ; 
e.g., upon seizure threshold and emotional state 
(8). 


There are abundant data which show that the 


rate of entry of many substances into the CSF is 
determined by certain of their physical and chemi- 
These properties are solubility in 
lipid solvents, binding to plasma protein, molecu- 
lar size, and in the case of salts of weak acids and 


cal properties. 


bases, pK (6, 7,9). Since neutral steroids have 
no pK, and molecular size is not an important 
determinant of rate of entry into the CSF except 
with substances of very high molecular weight 
(6, 7), only lipid solubility and binding to plasma 

* Aided by grants from the National Institutes of 
Health and the Dysautonomia Association. 

+ John and Mary R. Markle Scholar in Medical Science. 

1 The following trivial names for steroids are used in 
this paper: cortisol, 118,17a,21-trihydroxy-4-pregnene-3, 
20-dione; tetrahydrocortisone, 3a,17a,21-trihydroxy-preg- 
nane-11,20-dione; tetrahydrocortisol, 3a,118,17a,21-tetra- 
hydroxy-pregnane-20-one; allo-tetrahydrocortisol, 3a,118, 
17a,21-tetrahydroxy-allopregnane-20-one. 


protein (10, 11) would be expected to influence 
the penetration of cortisol into the CSF. In gen- 
eral, it can be stated that the more lipid-soluble 
a substance is the more rapidly it enters the CSF, 
and the less firmly bound it is to plasma protein 
the higher will be the concentration ratio, CSF/ 
plasma, at equilibrium (6,7). The purpose of this 
investigation was to compare the entry into CSF of 
free cortisol and the water-soluble glucuronides 
that are important products of cortisol metabo- 
lism. The data show that these steroids behave 
like many other substances (6, 7) in that cortisol, 
a lipid-soluble compound, penetrates readily into 
CSF, whereas the water-soluble, lipid-insoluble 
metabolites, tetrahydrocortisone and _ tetrahydro- 
cortisol glucuronides, do not. 


METHODS AND MATERIALS 


Thirty-five experiments were carried out in 16 mon- 
grel dogs ranging in weight from 9 to 22 kg. The ani- 
mals were anesthetized with intravenously administered 
pentobarbital sodium in a dose of 30 mg per kg body 
weight. Sufficient additional sodium pentobarbital was 
given intravenously during the experiments to maintain 
a stable respiratory rate. Cisternal punctures were per- 
formed with a 20-gauge spinal puncture needle which 
was left in situ during each experiment. Whenever CSF 
so obtained was bloody or xanthochromic, the experi- 
ment was terminated and the results were discarded. 

Clear CSF, in samples of 0.8 to 1.0 ml, were removed 
at intervals and, in some instances when detailed chemi- 
cal studies of the steroids in CSF were planned, amounts 
as large as 15 ml were withdrawn by allowing the open 
needle to drain for periods of 30 to 60 minutes. Speci- 
mens of CSF were frozen within 1 hour after with- 
drawal and kept at — 20° C until analyzed for steroid 
content. 

Samples of blood (5 to 20 ml) were withdrawn in 
heparinized syringes from occluded veins of fore- or 
hindlegs. Plasma was quickly separated from cells and 
stored at —20° C. In five instances urine specimens 
were obtained by catheter from female dogs. 

The principal experimental procedure was the intra- 
venous injection over a period of 30 seconds of cortisol 
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in the form of its water-soluble ester, the 21-hemisucci- 
nate.2 The dose was 8 mg of cortisol (calculated as mil- 


The 


amount chosen was large 1) in a deliberate attempt to 


ligrams of the free steroid) per kg body weight. 


achieve high, readily measurable concentrations of corti- 
sol, 2) in order to approximate pharmacologic doses, and 
3) in order to achieve high plasma concentrations of glu- 
curonides of cortisol metabolites so as to afford the best 
possible opportunity for these glucuronides to penetrate 
the blood-CSF barrier. then 
drawn at 5 minutes, 30 minutes, and at 30- to 60-minute 


Samples of blood were 


thereafter. In 6 animals this procedure was 


carried out before and after 11 days of treatment with 


intervals 
intramuscular corticotropin, 40 IU per day.* When cor 
tisol alcohol or one of its principal metabolites, tetra- 
hydrocortisone, was injected, the steroid was dissolved 
in small amounts (5 to 10 ml) of 95 per cent ethanol and 
50 to 100 ml of 
saline for rapid intravenous infusion. 


the solution was dissolved in isotonic 

In 4 animals additional experiments were done in or 
der to detect the specific steroids appearing in blood after 
In these studies, cortisol (as the alco- 
was administered as de- 
blood withdrawn 
after 1 to 3 hours and the plasma separated and stored 
at — 20° C. 

Determinations of 17-hydroxycorticosteroids (cortisol) 


cortisol infusion. 
hol, not the 21-hemisuccinate ) 


scribed, and large volumes of were 


in plasma, CSF and urine were made by the Silber- 
(13) 
In all in- 


Porter technic (12) as modified in this laboratory 
and by Peterson, Karrer and Guerra (14). 
stances optical densities of the cortisol-phenylhydrazine 
reaction product were measured at several wave lengths 
fo insure specificity in the cortisol determination, all 
samples not showing an absorption maximum at 410 my 
(the absorption maximum of cortisol in this reaction) 
were discarded. Cortisol measured by this technic is 
termed “free” steroid, in the sense that it is unconju- 
gated—i.e., not in the form of metabolites reduced in the 
A ring and conjugated at the 3 position with glucuronic 
acid. To obtain information about the concentration of 


such glucuronides, more detailed studies were done. 


From large volumes of plasma, CSF, and urine, obtained 
after administration of cortisol, “free” cortisol was par 
tially identified after ethyl acetate extraction, by paper 
standard in 
Bush systems (15), by ultraviolet light absorption at 240 


chromatography with an authentic cortisol 
mu, by reaction with blue tetrazolium, and measured by 
the Silber-Porter reaction. For detection of the glu- 
curonides of cortisol metabolites, the aqueous phase, after 
ethyl acetate extraction for free cortisol, was subjected 
to hydrolysis. In the case of plasma, protein was first 
precipitated with large volumes of ethanol, the ethanol 
was evaporated, the aqueous residue was then diluted 
with distilled water, and the mixture hydrolyzed. For 
plasma, CSF, and urine, the hydrolytic procedure was 
added to 
the aqueous phase in concentrations of 300 to 500 units 


the same. f-glucuronidase (beef liver) was 


* Courtesy of the Upjohn Co. 
Courtesy of Organon, Inc 
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The pH was kept at 4.5 to 5.0 with 0.1 sodium 
acetate-acetic acid buffer. The 
for 48 to 120 hours at 37° C. 

extracted with ethyl acetate, and the steroids release 


per ml 


mixture was incubated 


Hydrolysates were the: 


were chromatographically located and characterized, and 
Recovery of cortisol added to plasma 
(85 to 105 per 
With the hydrolytic procedure used, there is no inhibition 


measured as above. 


CSF, and urine is quantitative cent 


of the action of §-glucuronidase upon steroid glucuro 
nides by canine CSF (16) 


RESULTS 


1. Resting levels of cortisol in plasma and CSF 
of dogs. Thirteen measurements in 11 anesthe- 
tized dogs yielded an average value for plasma 17- 
hydroxycorticosteroid concentration of 10 pg per 
100 ml, a value in the same range as that reported 
for dogs by Eik-Nes and Brizzee (Table I) (17). 
The range of values was wide—O to 33 pg per 100 
ml. In the same 11 dogs, measurements carried 
out on 1-ml samples of CSF revealed no detectable 
cortisol. The validity of a virtually zero value 
for cortisol in CSF was confirmed by attempts to 
detect cortisol in CSF samples as large as 7 ml, a 
volume in which the method is sensitive enough 
to measure reliably concentrations of less than | 
pg per 100 ml. Chromatographic studies of simi 
lar volumes of CSF also failed to reveal the pres- 
ence of cortisol. 

2. Entry of infused cortisol into CSF. 
21-hemisuccinate, 8 mg per kg, was rapidly in 


Cortisol- 


jected intravenously in 18 experiments upon 14 
anesthetized dogs. In 11 experiments, samples of 
CSF were obtained 5 minutes after cortisol in 


2 


jection, and in 3 instances detectable concentra- 
tions of cortisol were found, indicating rapid entry) 
of the steroid into the CSF compartment (Table 
1). In all but one experiment cortisol appeared in 
the CSF 30 minutes after injection. Figure 1. 
in a typical experiment, shows entry of cortisol 
into the CSF 5 minutes after administration and a 
rising concentration of cortisol in CSF, reaching 
a maximum at 90 minutes, while the concentration 
of plasma cortisol was falling. The figure also in- 
dicates the high plasma cortisol concentration at 

minutes. In the 10 dogs in which plasma cortisol 
levels were determined at 5 minutes, the range of 
concentrations was 447 to 1,440 pg per 100 ml. 
(The wide range of values can be attributed in 


part to errors of 30 to 60 seconds in obtaining the 


5-minute sample.) These high values constitute 
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TABLE I 


Concentration of cortisol in plasma and CSF of 11 dogs after rapid intravenous inje 


ction of 8 mg 


of steroid (cortisol 21-hemisuccinate) per kg body weight 


17-Hydroxycorticosteroids (cortisol), ug 


Minutes 


Plasma 
CSF 


Plasma 
CSE 


Plasma 
CSF 
Plasma 
CSF 
Plasma 
CSF 
Plasma 
CSF 
Plasma 
CSF 
1) Plasma 
CSF 
Plasma 
CSF 
Plasma 
CSF 
Plasma 
CSF 


Plasma 
CSF 


Plamsa 


CSF 


evidence that the injected material, cortisol hemi- 
succinate, measured only to a limited extent by 
the Silber-Porter reaction is rapidly hydrolyzed 
in vivo to free cortisol which is measured by this 


colorimetric test.‘ The graph illustrates a con- 


* Cortisol-21-hemisuccinate, added in vitro to Addisonian 
plasma with a zero level of cortisol, has a chromogenicity 
at 410 my in the Silber-Porter reaction equal to about 
15% of the chromogenicity of free cortisol itself. There- 
fore, if the steroid ester were incompletely hydrolyzed in 
vivo, which cannot be excluded in the early (5-minute) 
samples, the Silber-Porter technic would overestimate 
plasma cortisol level to a small degree. For example, 
if as much as 50% of the ester were not hydrolyzed (and 
it is unlikely that this much escapes hydrolysis), the con- 
centration of free plasma cortisol would be overestimated 
by 7.5% (0.50 X 0.15). If 20% remained unhydrolyzed, 
the overestimation would be 3% (0.2 x 0.15). From 30 
minutes on it seems unlikely that any of the steroid ester 
remains unhydrolyzed. There are data indicating that 
pharmacologic doses of cortisol hemisuccinate behave in 


t 


60 90 150 


275 171 158 
44 26 


168 


stant finding in all studies, namely that in short- 
term studies (90 to 120 minutes in duration) with 
a rapidly falling plasma cortisol concentration, 
levels of cortisol in CSF never equaled those in 
plasma. concentration of 
CSF was reached 60 to 90 minutes after infusion 


Maximal cortisol in 
of the steroid. 

The rate of disappearance of cortisol was rapid. 
In the 18 experiments the range of plasma “halt 
time” was 40 to 93 minutes, with an average of 
64 minutes. In six aninwls the rate of disappear- 
ance from plasma of cortisol was calculated in 
terms of the slope obtained by the method of least 


squares. This calculation was done in only those 


general like free cortisol, both in terms of metabolic fate 
and absolute values of plasma cortisol attained (18). As 
will be seen (Section 3 below), the same distribution be- 


tween plasma and CSF is found with cortisol-21-hemi- 
succinate as with free cortisol 
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Fic. 1. PLasMA AND CSF CONCENTRATIONS OF CORTI- 
sot IN Doc BR (see TABLE 1) AFTER RAPID INTRAVENOUS 
INJECTION OF CORTISOL 21-HEMISUCCINATE, 8 MG PER KG. 


Concentration in plasma is high 5 minutes after injection 
and the steroid is detectable in CSF at that time. 


instances in which there was a sufficient number 
of determinations for adequate mathematical analy- 
sis (Table II). The decrease in plasma cortisol 
level averaged 47.3 per cent per hour, with a 
range of 40.2 to 53.7. This rate of disappearance 


rTABLE II 


Rate *of disappearance of cortisol after administration of 
cortisol 21-hemisuccinate from plasma of 6 dogs before 
and after corticotropin administration for 11 days * 


Rate of cortisol 
disappearance 
After 
corticotropin 


Before 
Dog corticotropin 


©, decrease/hr 
40.8 
45.6 
34.3 
48.9 
57.3 
50.2 


TA 40.2 
BR 50.0 
CH 45.5 
TO 42.4 
LE 50.5 
RA 53. 


Mean 47.. 


3 46.7 
SD 22 


7.98 


* The data are derived from calculation of the slope of 
the straight line describing the logarithmic decrement of 


plasma cortisol concentration. Slope is calculated by the 
method of least squares. The disappearance rates are 
essentially the same before and after corticotropin (p > 
0.50). 
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is considerably more rapid than that found in 
normal human subjects (27 per cent per hour) 
(18) or “half-time” of 138 minutes (19). 

3. The steady state distribution of cortisol be- 
ween plasma and CSF. A constant infusion of 
cortisol 21-hemisuccinate, 300 mg, was given in 
1,500 ml 5 per cent D/W over a 9-hour period to 
a 15 kg dog after a priming dose of 22.5 mg. 
Samples of plasma and CSF were obtained after 
4 hours and maintained for the succeeding 5 hours. 
Cortisol concentration 
equilibrium state was 200 pg per 100 ml; in CSF, 
40 wg per 100 ml. The distribution ratio CSF/ 
plasma of 0.2 is not corrected for protein-binding 
of the steroid (10, 11) nor for the differences in 
water content of the two compartments. 


in plasma during this 


A second steady state experiment in another ani- 
mal was done with cortisol alcohol. At equilib- 
rium the concentration ratio, CSF/plasma of 
cortisol (53/211 pg per 100 ml) was 0.25. The 
similarity of the CSF/plasma ratios in the two 
studies is interpreted to signify that the steroid 
hemisuccinate behaves physiologically like the free 
steroid. 

4. Identification and measurement of steroid 
entering the CSF. In this series of experiments 
an attempt was made to learn whether or not cer- 
tain cortisol, the 
A-ring reduced, 3-glucuronides, entered the CSF 


water-soluble metabolites of 


after cortisol injection. These metabolic prod- 
ucts are among the chief urinary steroids recovered 
in urine after administration of (20). 
Accordingly, these reduced steroids were sought 
in blood and urine as well as in CSF (see Methods). 
Fourteen experiments were carried out in this 
effort to find tetrahydrocortisone or tetrahydro- 
In five instances measurements 


cortisol 


cortisol in CSF. 
for tetrahydrocortisol glucuronide were made in 
serial small samples (1 ml) of CSF after cortisol 
hemisuccinate injection, at times when CSF levels 
of free cortisol were elevated. In no case was 
tetrahydrocortisol glucuronide found. In nine fur- 
ther studies after cortisol injection, the detailed 
measurements were made in blood and urine to 
ascertain that plasma concentrations of tetrahydro- 
cortisol glucuronide were high enough to allow 
passage into the CSF. After injection of cortisol 
alcohol, the steroid was recovered from all the 
fluids investigated; 200 mg of cortisol was given 
intravenously, and blood was collected during the 
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period, 30 to 100 minutes after injection, while 
CSF was being drained through an indwelling cis- 
ternal needle. In a representative experiment the 
plasma level of free cortisol was 1,040 pg per 100 
ml, while the level in CSF was 183. Glucuronide 
content, measured as Silber-Porter reactive ma- 
terial after glucuronidase hydrolysis, was 219 pg 
per 100 ml in plasma—a high value 
was detectable in CSF. 

The apparent failure of steroid glucuronides to 
enter CSF was further studied. In four dogs 
steroids were isolated from blood, CSF, and urine 
by paper chromatography (see Methods). In all 
instances cortisol was identified in the three fluids 
after steroid injection (100 to 300 mg of free cor- 
tisol in two instances, of cortisol 21-hemisuccinate 
in the remaining two). Tetrahydrocortisol glu- 
curonide was identified in blood and urine, never 
in the CSF. 
the point of view of steroid metabolism that no 
tetrahydrocortisone was recovered after cortisol 
injection. It appears that this represents a spe- 
cies difference between dog and man; in man, 


while none 


[It is of considerable interest from 


cortisol is metabolized to tetrahydrocortisol, allo- 
tetrahydrocortisol, and tetrahydrocortisone (21).] 


Pooled serial blood samples from the four ani- 
mals showed an average value for free cortisol 


after chromatography of 180 pg per 100 ml. The 
mean value of plasma tetrahydrocortisol after hy- 
drolysis and chromatography was 70 pg per 100 
ml. The two steroids were also indentified in 
large quantities in the urine. In the 4-hour urine 
aliquot it was possible to recover 12.5 mg of con- 
jugated tetrahydrocortisol, 7.7 mg of free cortisol. 
Chromatographic analysis of many large samples 
of CSF yielded an average cortisol value for the 
four dogs of 109 pg per 100 ml. These studies 
failed to reveal even trace amounts of tetrahydro- 
cortisol after glucuronidase hydrolysis. 

The data indicate that cortisol is metabolized 
to a reduced steroid which is conjugated with 
glucuronic acid, but that this metabolite, tetra- 
hydrocortisol glucuronide, does not detectably 
enter the CSF, although present in plasma in 
high concentration. 

5. Entry into CSF of tetrahydrocortisone, an 
A-ring-reduced, unconjugated metabolite of cor- 
tisol. The possibility existed that some property 
of tetrahydrocortisol other than its existence in 
plasma as a water-soluble conjugate of glucuronic 
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Fic. 2. PLASMA AND CSF CONCENTRATIONS OF TETRA- 
HYDROCORTISONE IN Doc BL RAPID INTRAVENOUS 
INJECTION OF TETRAHYDROCORTISONE, 8 MG PER KG. Con- 
centration of steroid in CSF at 5 and 30 minutes is higher 
than concentration attained after comparable doses of 
(see text). Rate of tetrahydrocortisone disap- 


pearance from plasma is nearly twice as rapid as that 


AFTER 


cortisol 


of cortisol (rate of decrease of plasma level, 74% per 
hour, or plasma “half-time,” 35 minutes). 


acid was responsible for its exclusion from CSF. 
A closely related compound, free tetrahydrocor- 
tisone,° 8 mg per kg body weight, was given in- 
The 


free steroid entered the CSF rapidly, as is shown 


travenously over 30 seconds to two dogs. 
in Figure 2 and Table III. In the experiment il- 
lustrated, concentration of 17-hydroxycorticoster- 
oid in CSF at 5 minutes was 66 wg per 100 ml 
(Table III). These concentrations of steroid in 
CSF were higher than those attained in any of 
13 experiments with cortisol at the 5-minute point 
(Table 1). After cortisol injection, concentrations 
of the steroid in CSF at 5 minutes ranged from 0 
to 16 pg per 100 ml in the face of concentrations in 

5 Provided through the courtesy of Merck and Co. 
Tetrahydrocortisone was used instead of tetrahydrocor- 
tisol because the latter steroid was not readily available 
in large quantities. Since tetrahydrocortisone and tetra- 
hydrocortisol behave alike physiologically (22), it is 
reasonable to assume that they are interchangeable for 
the purpose of this experiment. 
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rABLE III 


Concentration of tetrahydrocortisone in plasma and CSF of 
Dogs BL and DA after rapid intravenous injection of 8 
mg of steroid per kg body weight * 


17-Hydroxycorticosteroids 
tetrahydrocortisone), ug ‘ 


5 30 60 90 120 150 180 240 


090 412 166 130 0 
82 133 133 87 5§ 27 0 
955 391 219 125 


66 48 46 43 





* The data show'the entry of large amounts of tetrahydrocortisone 
he CSF 5 minutes after injection of the steroid 


plasma comparable with those found after tetrahy- 
drocortisone injection. In the two experiments 
the rate of disappearance of tetrahydrocortisone 
was rapid, plasma “half-time” being 35 and 39 
minutes. Calculated from the slope derived by the 
method of least squares, decrease in plasma level 
was 74 per cent per hour, compared with a mean 
decrease of 47.3 per cent per hour for cortisol 
(Table IT). 


hydrocortisone 


Free tetrahydrocortisone and tetra- 
glucuronide were identified in 
plasma and urine, only free tetrahydrocortisone in 
the CSF. The more rapid rate of disappearance 
of tetrahydrocortisone than of cortisol (23), and 
the virtual absence of conversion of tetrahydro- 
cortisone to tetrahydrocortisol in the dog, are 
findings in agreement with those made in human 
subjects (24). 

6. The effect of adrenocorticotropin upon the 
permeability of the blood-CSF barrier to corti- 
sol. This section summarizes the results of de- 
termination of cortisol clearance rate and entry 
into CSF before and after 11-day courses of cor- 
ACTH administration had 
no effect upon the rate of clearance of cortisol 


ticotropin in six dogs. 
from plasma. Table I] shows that the slope of 
the line describing cortisol disappearance rate is 
The 


rate of cortisol disappearance in the control stud- 


unchanged after 11 days of corticotropin. 


ies averaged 47.3 per cent per hour; the average 


after ACTH administration was 46.7 per cent per 


hour, p > 0.5. 

Analysis of ratios of CSF/plasma concentra- 
tions of cortisol at 30, 60, 90 and 150 minutes 
showed no significant difference between the con- 
trol and experimental values. This schedule of 
corticotropin administration therefore does not 
appear to alter the permeability of the blood-CSF 
membranes with regard to cortisol 
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Comparison of the disappearance rates and 
cortisol entry into CSF at different times (1.e., 
11 days apart) seems a valid procedure in view 
of a control study in which three dogs received 
standard cortisol-21-hemisuccinate infusions be 
fore and after periods of 11 days during which 
no ACTH was given. None of the indices changed 


significantly during this time. 

DISCUSSION 
The data show that free cortisol enters the CSF 
rapidly in the dog after intravenous injections of 
The failure to de 
tect cortisol in CSF of the “resting” 
the 
obtained 


large amounts of the steroid. 
dog is in 
agreement with data Abelson, Baron and 
Toakley (4). 
They reported low cortisol concentrations in hu 
man CSF (0.2 to 0.4 wg per 100 ml) in the rest 


ing state, using very large volumes of CSF for 


from human subjects 


chromatographic isolation and quantitation of cor 
tisol (4). 
(3) found no detectable cortisol in small samples 


Sandberg, Eik-Nes, Nelson and Tyler 


of “resting” CSF in man, except for ten instances 
of central nervous system disease in which the 
blood-CSF 


sumably altered (acute poliomyelitis, pneumococ 


permeability of the barrier is pre 
cal meningitis, cerebral vascular accidents). In 
man, Abelson, Baron and Toakley (4) and Cranny 
and Kelley (5) have demonstrated the rapid entry 
of cortisol into CSF after administration of corti 
sol or cortisone, and Cranny and Kelley presented 
evidence suggesting that the amount of cortisol 
entering the CSF is increased by the presence of 
The single observation 
of Hellman and associates (25) that cortisol-4-C"™ 


meningeal infection (5). 


could not be found in human CSF 8 hours after 
administration of the steroid can probably be as 
cribed to the fact that the CSF level after 8 hours 
would be expected to be exceedingly low. 

The data of the present report also show that 
after injection of cortisol in the dog, only free 
cortisol, not its reduced glucuronide conjugates, 
enters the CSF in measurable quantities over pe 
riods of 30 to 210 minutes. The rate of entry of 
steroid, as of other substances (6, 7, 9), into the 
CSF is dependent upon several factors. Among 
these are the permeability characteristics of the 
complex membranes which constitute the blood 
CSF 


of the cerebral capillary endothelium, the pia-glial 


“barrier.” These include the membranes 
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complex, the cerebral astroglia, choroid plexus, 
and the ependymal and arachnoidal surfaces (6,7). 
The blood-CSF barrier serves to stabilize the 
composition of the CSF and the extracellular 
fluid of the brain, and contributes to the main- 
tenance of a constant internal environment for 
the central nervous system. 

The entry of cortisol into the CSF, and the ex- 
clusion from the CSF of water-soluble steroid 
glucuronides are findings in agreement with those 
made in the case of other natural and synthetic 
compounds (6). It appears that a major factor, 
perhaps the chief factor that determines the dif- 
ference in penetration into the CSF between free 
cortisol and tetrahydrocortisone, on the one hand, 
and tetrahydrocortisol glucuronide and tetrahy- 
drocortisone glucuronide on the other, is the high 
degree of lipid-solubility of the free (or undissoci- 
ated) form and the negligible lipid solubility of the 
polar, dissociable glucuronide. Since no steroid 
glucuronide entered the CSF when plasma con- 
centrations were far above the physiologic range, 
it is hardly conceivable that they cross the blood- 
CSF barrier at the lower concentrations obtaining 
under physiologic conditions. 

The influence of lipid-solubility upon the rate 
and degree of entry into CSF (steady state CSF/ 
plasma ratio) of such foreign substances as sul- 
fonamides and barbiturates is marked: the greater 
the lipid-solubility of the particular substance, the 
greater is its penetration into the CSF (6). To 
date, no such orderly arrangement can be made in 
the case of the free steroids as a group, because 
only cortisol has been studied extensively. 

In addition to lipid-solubility, molecular size 
might be supposed to influence entry of com- 
pounds into CSF (6, 26). However, the rela- 
tively small difference in molecular weight between 
cortisol (mol wet 360) and tetrahydrocortisol glu- 
curonide (mol wt 540) is considered to be of neg- 
ligible importance in view of the rapid entry of 
molecules as large as serum albumin into the 
CSF (27). 

The pK of a compound plays a role in the degree 
and rate of its entry into CSF: pK influences the 
plasma-CSF distribution of salts of weak acids and 
bases (9). The normally lower pH of CSF as 
compared with that of plasma does not influence 
the distribution of non-ionized substances such 
as free steroid hormones. The pH gradient would 
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tend to favor the exclusion of weak acids such as 
the glucuronides of steroids (9). There are no 
available data concerning the pK of steroid glu- 
curonides ; one would expect it to approximate that 
of glucuronic acid itself. 

The degree to which a substance is bound to 
protein is also of great importance in determining 
its distribution (steady state ratio) between plasma 
and CSF. 
many drugs (6). 
tio (CSF/plasma) of cortisol of approximately 
0.2 may be considered a consequence of binding 
of cortisol to plasma protein. There is disagree- 
ment in the literature concerning the precise quan- 
tity of cortisol that is physiologically bound to pro- 
tein in man. The estimates range from 72 to 94 per 
cent bound to protein at 37° C, the per cent bound 
being in part dependent upon the plasma concen- 
tration of cortisol (11, 22, 28-30). There is also 
disagreement about the degree of cortisol binding 
to plasma protein in the dog. Daughaday found 
little evidence of corticosteroid-binding-globulin 
activity in canine plasma, and ascribed most of 
the 60 to 75 per cent binding observed to albumin 
(30). Slaunwhite and Sandberg found that only 
8 to 40 per cent of added cortisol was bound by 
dog plasma (11), but Florini and Buyske re- 
ported that cortisol binding to plasma in the dog 
is similar to that in man—i.e., 60 to 90 per cent 
over a wide range of concentrations (31). The 
present study provides no data which resolve these 
differences. However, the observed steady state 
ratio of 0.2 (CSF/plasma) is compatible with the 
estimate that 20 per cent of cortisol is unbound, 
and available for entry from plasma into CSF.® 


This is true of calcium, bilirubin and 
The observed steady state ra- 


A transfer rate constant (9) for cortisol was 
not derived. because almost all of the data were 
obtained after a single, rapid intravenous injec- 
tion of cortisol rather than with maintenance of 
a constant plasma level. This experimental de- 
sign was chosen primarily to obtain information 


regarding the disappearance of cortisol from 


6 The data are comparable with those obtained by Up- 
ton and Bondy who studied cortisol binding to plasma 
protein in human subjects (32). Over a wide range of 
high concentrations of cortisol in human plasma, these 
workers found that about 15% of the steroid was ultra- 
centrifugable, i.e., that 85% 
protein (presumably to the globulin fraction), and 15% 
was bound only loosely (perhaps to albumin) (10, 32). 


was tightly bound to plasma 
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plasma which could not be readily obtained from 
steady state experiments. 

The data show clearly that free tetrahydrocorti- 
sone disappears from plasma and enters CSF more 
This difference 
may be explained in part by the fact that less tetra- 


rapidly than does free cortisol. 


hydrocortisone than cortisol is bound to plasma 
protein (33). At present, data concerning tetra- 
hydrocortisone binding to plasma protein have 
been reported only in man (33), and it may not be 
permissible to assume a similar difference in bind- 
ing of the two steroids in dog plasma. However, 
no other physical or chemical property appears to 
account so well for the differences noted, the lipid 
solubilities and molecular weights of the two ster- 
oids being nearly identical. 

The high levels of cortisol observed in CSF 
after injection of large amounts of the steroid are 
considered to approximate the “diffusible” frac- 
tion of the steroid in the plasma. The high con- 
centrations of hormone in the CSF achieved by 


parenteral administration lead to the conclusion 


that intrathecal administration of steroids is un- 
necessary. If one assumes that cortisol is distrib- 
uted like other_lipid-soluble substances, then the 
concentration of the steroid at equilibrium would 
be higher in brain than in either CSF or plasma 
(0). 
an increased concentration of protein in the CSF, 


In any disease process that is associated with 


reflecting a change in the permeability character- 
istics of the blood-CSF membranes, one would 
anticipate that concentrations of cortisol in CSF 
after oral or intravenous administration would be 
considerably higher than those observed under the 
relatively normal conditions of the studies here 
reported. 

The data of the present study appear to show 
that intramuscular administration of ACTH for 
11 days does not enhance the penetration of cor- 
tisol into the CSF. 
of ACTH has also been shown to bring about no 


The same dosage schedule 


change in the exchange of sodium (Na**) between 
plasma and CSF (34). 
tered rate of cortisol clearance from plasma after 


The absence of an al- 


ACTH administration is a finding in accord with 
certain earlier studies, but not in agreement with 
(35) 
demonstrated in mice that pretreatment with cor- 


others. Berliner, Keller and Dougherty 
ticotropin did not prolong the plasma _ half-time 


of injected cortisol. Wallace, Leilop, Carter and 
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Lyons (36) found no decrease in rate of cortisol 
disappearance from plasma in human _ subjects 
treated with intramuscularly administered ACTH 
for long periods. In contrast, Kuipers, Ely and 
Kelley (37) observed a modest prolongation of 
plasma half-time of infused cortisol after the acute 
intravenous injection of corticotropin. Dougherty 
and Berliner (38) reported similar findings in 
mice, and DeMoor, Hendrikx and Hinnekens re- 
ported a delay in disappearance of cortisol from 
plasma in normal and Addisonian human subjects 
immediately after ACTH administration (39). 
Berliner and co-workers have attempted to ex- 
plain such a prolongation of plasma half-time of 
cortisol by their reported observations of inhibi- 
tion by ACTH of hepatic conjugation of metabo- 
lites of this steroid with glucuronic acid in rats and 
mice, an ‘“extra-adrenal effect” of ACTH (35). 
In the 
meantime, the differences in results may be best 


This hypothesis remains to be proved. 


accounted for by differences in route and chronic- 
ity of ACTH administration. 


SUMMARY 

1. The resting concentration of cortisol in cere- 
brospinal fluid (CSF) is less than 1 pg per 100 ml 
in the anesthetized dog. 

2. After intravenous injection of cortisol or cor- 
tisol-21-hemisuccinate, the steroid enters the CSF 
rapidly, appearing within 5 to 30 minutes. 

3. In a single experiment prolonged infusion 
of cortisol-21-hemisuccinate resulted by the fourth 
hour in the attainment of a steady state ratio, 
CSF/plasma, of 0.2. 
reflecting an 80 per cent binding of cortisol to 


This can be interpreted as 


plasma protein. 

4. After cortisol or cortisol-21-hemisuccinate in- 
jection, only free (unconjugated) steroid, not the 
glucuronides of cortisol metabolites, appears in 
CSF, although a conjugated metabolic product, 
tetrahydrocortisol glucuronide, is found in high 
concentration in plasma and urine. These find- 
ings are in accord with those concerning most 
drugs and natural products; ie., that nonpolar, 
water-insoluble substances enter CSF from blood 
more readily than do polar, water-soluble com- 
pounds. 

5. Another metabolic product of cortisol, tetra- 
hydrocortisone, freely enters the CSF, but tetra- 


hydrocortisone glucuronide does not. The more 
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rapid entry into CSF of tetrahydrocortisone than 
ot cortisol may be explained by the lesser degree 


ot binding to plasma protein of the former steroid. 


6. In the dog, cortisol appears to be metabolized 
to tetrahydrocortisol only, not to tetrahydrocorti- 
sol, allo-tetrahydrocortisol, and tetrahydrocorti- 
sone, as in man.? 

7. \dministration of corticotropin for 11 days 
to 6 dogs did not enhance the entry of adminis- 
tered cortisol into the CSF, nor did it alter the 
rate of clearance of cortisol from plasma. 
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The isolation and characterization of a cupro- 
erythrocuprein, from normal human 
erythrocvtes have been described recently (1-3). 


protein, 


Preliminary studies indicated that normal human 
erythrocytes contain about 30 to 36 mg of erythro- 
cuprein per 100 ml of packed cells (1). Since 
erythrocytes are known to hold about 100 pg of 
copper per 100 ml of packed cells (4), and since 
erythrocuprein carries 3.4 wg of copper per mg 
of protein, we suggested that erythrocuprein ac- 
counts for most of the copper in erythrocytes. 

It became apparent in the course of further in- 
vestigation that the anti-erythrocuprein serum used 
in the preliminary studies contained antibody to an 
erythrocyte component other than erythrocuprein 
and that the erythrocuprein concentrations re- 
ported were erroneously high. A modified tech- 
nic for purification of erythrocuprein, as well as 
immunological evidence for the homogeneity of 
the purified product, are presented in this report. 
We shall also report studies of erythrocuprein in 
normal human erythrocytes and in those from 


patients with various diseases. Since erythrocu- 


prein accounted for only about 60 per cent of the 
erythrocyte copper, observations are included on 
the preliminary separation of an additional erythro- 


cyte copper component (s). 


METHODS 


Preparation of 
prepared from normal human erythrocytes by a modifica- 
The sub- 


erythrocuprein. Erythrocuprein was 


tion of the method described previously (1). 


* This investigation was supported in part by Contract 
AT (11-1)-82, Project 6, between the University of Utah 
and the U. S. Atomic Energy Commission, and in part by 
Research Grant A-4489 and Graduate Training Grant 
2A-5098 from the National Institute of Arthritis and 
Metabolic Diseases. A preliminary report of some of the 
studies described here was presented at the 138th meet- 
ing of the American Chemical Society, New York, N. Y., 
September 11, 1960. 

+ Present address: Dept. of Medicine, University of 
Cincinnati, Ohio. 


stances recovered from the lead acetate precipitation 
(step 3) were dialyzed free of phosphate ion and stored 
as a lyophilized powder (LP); 1 to 2 g of LP was 
chromatographed (Figure 1A) on a 5 cm (47 mm in- 
ternal diameter) X 40 cm column containing 100 g di- 
(DEAE) -cellulose, 
method of Peterson and Sober (5). 
concentration gradient with a constant pH of 6.8 was 


prepared by the 
A linear phosphate 


ethylaminoethyl 


used. The erythrocuprein-containing fractions were iden- 
tified by the high copper to nitrogen ratio and the reac- 
tion with specific antiserum in the agar diffusion technic, 
as described below. The fractions containing erythro- 
cuprein from several chromatograms were then pooled 
and rechromatographed (Figure 1B) under conditions 
identical with those used in the first chromatogram. 

The erythrocuprein obtained was homogeneous in the 
ultracentrifuge. The molecular weight of the protein, 
determined by the Archibald approach to equilibrium as 
modified by Schachman (6), was 31,000+6 per cent. 
The copper (ug) to nitrogen (mg) ratio was 23.0. 

Preparation of antiserum. Rabbits were immunized at 
weekly intervals for 4 weeks. After a rest period of 1 
month a second course of four weekly injections was 
given. Each subcutaneous injection contained erythro- 
cuprein (0.25 mg) or LP (20 mg) dissolved in 0.5 ml of 
0.85 per cent sodium chloride, 0.5 ml of 15 per cent 
Arlacel A (vol/vol) in Bayol F,1 and 1 mg of heat-killed 
tubercle bacilli. After immunization was complete the 
serums from several rabbits were pooled and merthiolate 
was added to the serum to a final concentration of 1: 10,- 
000. The pooled antiserum was stored at 5° C. 

Evidence for the immunologic homogeneity of anti- 
erythrocuprein serum. The agar double diffusion technic 
of Halbert, Swick and Sonn (7) was used as a criterion 
of immunologic homogeneity of both the purified eryth- 
rocuprein and the anti-erythrocuprein serum. Three- 
tenths ml of either antiserum (undiluted or diluted 1:1) 
or antigen (1 mg per ml in saline) was pipetted into 
well. The agar plates were incubated at room 
temperature and observed at approximately 12-hour in- 


each 


tervals for 3 to 12 days. 

Erythrocuprein (E-I), prepared as described in the 
previous publication (1), and antiserum (AS-I) to this 
batch of erythrocuprein were available for study. These 
preparations, as well as erythrocuprein purified chro- 
matographically (E-II), were tested by the agar double 
diffusion technic. Typical results are presented diagram- 
matically in Figure 2. 


1 Arlacel A (mannide monooleate), Atlas Powder Co.; 
Bayol F, Penola Oil Co. 
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Fic. 1 AN EXTRACT (LP) PRE- 
FROM A HEMOLYSATE OF NORMAL HUMAN ERYTH- 
The lyophilized powder containing erythro- 


{(_ HROMATOGRAMS OF 
PARED 
ROCYTES. 
cuprein was dissolved in 0.0125 M phosphate buffer and 
DEAE-cellulose. The fractions 
ontaining erythrocuprein (A) were pooled and rechro- 
highly 


chromatographed on 


matographed (B) in order to obtain purified 


erythrocuprein. 


When E- 
cedure with a hemolysate prepared from a normal adult 
subject (H-A) by the use of AS-I, a single band devel- 
oped (Figure 2a) which exhibited a reaction of identity 


| was compared in the agar-diffusion pro- 


(8). When hemolysates prepared from 12 samples of 
blood (H-F) tested in the 


same manner, reactions suggesting a contaminating anti- 


normal umbilical vein were 


gen were observed (Figure 2, b and c). Therefore, in 
an effort to confirm the presence of a contaminating anti- 
gen, various fractions obtained by chromatography (Fig- 
ure 1A) of the lyophilized powder (LP) tested 
with AS-I. The contaminating antigen, referred to as 
CA, was localized in the initial effluent from the column 
(0.0125 M phosphate buffer, pH 6.8) and was entirely free 
When CA was. tested with AS-I, a single 
hand was observed which gave a reaction of partial iden- 
tity with E-I (Figure 2d). (E-I), to 
which CA had been added, reacted with AS-I to form 
two bands (Figure 2e), indicating that the small amount 
of CA in the erythrocuprein (E-I) was not resolved in 


were 


‘ if copper. 


Erythrocuprein 


most instances by the agar diffusion technic. 

Serial absorption of AS-I with CA resulted in an anti- 
with CA (Figure 2f). 
[his absorbed antiserum (AS-I absCA) gave only one 


serum that no longer reacted 


precipitin band when tested against E-I and H-F ( Fig- 


ure 2g). 
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Antiserum prepared from E-II (AS-II) reacted wit! 
E-II but not with CA (Figure 2h) and the reaction wit! 
E-II identical with that between AS-II and E-! 
(Figure 21). Only one band was observed when AS-II 
was used to compare E-I] with H-A, H-F, and LP (Fig 
ure 2, j, k, and 1). 

Thus, E-I contained a small amount of a highly anti 
genic impurity (CA). This could be demonstrated 1 
the agar double diffusion technic only by enriching the 
Eryth 


Was 


erythrocuprein preparation with the contaminant. 
rocuprein preparations that were purified by chromatog- 
raphy on DEAE-cellulose were free of this impurity 
Antiserum (AS-I1) purified 
erythrocuprein (E-II) was used thereafter for the meas 


prepared from the highly 


urement of erythrocuprein. 

Measurement of erythrocyte copper and erythrocuprein 
Suspensions of human erythrocytes from which the buffy 
coat had been removed were washed twice with cold 
The cells were suspended 
(VPRC 
(3.0 ml 


determination of eryth 


0.85 per cent sodium chloride. 
in saline and the volume of packed red cells 
determined. 


was Aliquots of the suspension 


were taken in duplicate for the 
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DIAGRAMMATI REPRESENTATION OF AGA 


PLATES. 


Fic. 2. 
DOUBLE DIFFUSION 
as described previously (1) ; E-II, erythrocuprein purified 
AS-I, antiserum to E-I; AS-II, 
H-A, hemolysate of normal adult 


E-I, erythrocuprein prepared 


chromatographically ; 
antiserum to E-II; 
erythrocytes ; H-F, hemolysate of umbilical vein erythro 
cytes; CA, contaminating antigen; AS-I absCA, AS-| 
absorbed with the (CA) >: LP, 


lyophilyzed powder used as the starting material in the 


contaminating antigen 


isolation of ervthrocuprein. 
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rocyte copper (9); 4-ml aliquots of the erythrocyte sus- 
pension were hemolyzed by freeze-thawing three times and 
diluted to 25 ml with saline. The diluted hemolysate 
was cleared of stroma by centrifugation at 15,000 G for 
30 minutes and stored at — 40° C. 

The erythrocuprein content of a 1-ml aliquot of the 
hemolysate was determined by the quantitative precipitin 
(10). The anti-erythrocuprein serum (AS-II) 
was calibrated with erythrocuprein (E-II), as described 


technic 
previously (1). Erythrocuprein was calculated from the 
calibration curve by the use of an erythrocuprein nitro- 
gen value of 16.53 per cent. The copper in the erythro- 
cyte associated with erythrocuprein was calculated by as- 
suming an erythrocuprein copper content of 0.34 per cent 
(2). 

Evaluation of the immunochemical estimation of eryth- 
rocuprein. When erythrocuprein was added to hemoly- 
sates and the erythrocuprein concentration of each hemoly- 
sate was determined before and after addition of puri- 
fied erythrocuprein, between 88 and 95 per cent of the 
added erythrocuprein was recovered. 
designed to determine whether addition of copper to an 


In an experiment 


erythrocyte suspension im vitro might influence the de- 
termination of erythrocuprein, no change was found in 
the erythrocuprein level, although the concentration of 
copper in the erythrocytes was increased 650 per cent. 

To estimate the reproducibility of the immunochemical 
method for the measurement of erythrocuprein, blood was 
drawn from 20 normal male and female subjects, and the 
values obtained for duplicate samples were compared. 
The mean difference between duplicates was 2.7 per cent, 
with a range of 0 to 8.6 per cent. Aliquots were taken 
periodically over a 4-month period from a sample of di- 
luted hemolysate during storage at — 40° C. A definite 
trend of change in values with the period of storage was 
not observed. 

Radioisotope incorporation studies. Copper“ was ob- 
tained from the Oak Ridge National Laboratories as cu- 
pric nitrate in 1 M nitric acid. 
was added to precipitate cupric hydroxide. 


Sodium hydroxide (5 N) 
The precipi- 
tate was washed with distilled water to remove sodium 
nitrate. The moist precipitate was dissolved in acetic 
acid and the solution evaporated to dryness. The dry 
cupric™-acetate (specific activity of approximately 600 
me per g) was dissolved and diluted with 0.85 per cent 
sodium chloride to a concentration of approximately 3 
uc per ml. 

All radioactive samples were counted in a well-type, 
thallium-activated sodium scintillation 
counter with an efficiency of 5 per cent for copper*. The 
radioactivity was expressed in counts per minute, cor- 
rected for background and decay. All batches of radio- 
copper were checked for decay rate, which was found to 
correspond to the expected half-life of 12.8 hours for 
copper™ 

Fifty ml of freshly drawn blood was added to 12 ml of 
acid citrate dextrose anticoagulant solution; 1 ml of cu- 
pric”-acetate solution was then added. The mixture was 
incubated under sterile conditions at 37° C with constant 
shaking for various periods of time. 


iodide crystal 


2009 


For the study of the transfer of radiocopper between 
plasma, erythrocytes and erythrocuprein, 2-ml alic \ots 
of the incubation mixture were pipetted in duplicate into 
Each vial was centrifuged and the plasma 
The 
cells were washed twice with saline, with the same pre- 
frozen and 


counting vials. 
removed with care to avoid loss of erythrocytes. 
cautions, and the vacked cells were then 
thawed three times. 


original volume with saline and its radioactivity was de- 


The hemolysate was diluted to the 
termined. Throughout these steps the erythrocytes re- 
mained in the original counting vial. 

For the study of the transfer of radiocopper between 
plasma and erythrocuprein, the procedure for the quan- 
titative immunochemical measurement of erythrocuprein 
was modified to allow rapid precipitation of the antigen 
because of the short half-life of copper“. After the 
radioactivity of had been determined, 
the hemolysate was transferred to a centrifuge tube 
The erythrocuprein was precipitated by incubation of the 
hemolysate with 2 ml of antiserum at 37° C for 2 hours. 
After cooling to 4° C, the precipitate was collected and 
washed twice with cold The precipitate was 
then dissolved in 1 N NaOH, the solution was diluted 
to 2 ml after transfer to a counting vial, and the radio 
activity was determined. Supernatant tests indicated 
that only about 70 per cent of the erythrocuprein was 


the hemolysate 


saline. 


precipitated under the conditions of these experiments. 

To determine the specificity of the immunochemical 
precipitation of labeled erythrocuprein, the ability of nor- 
mal rabbit serum and a foreign immune system to pre- 
cipitate copper“ from a labeled hemolysate was tested. 
When 2 ml of normal rabbit serum was added to the he- 
molysate, no precipitate formed. Addition of 2 ml of 
rabbit anti-egg albumin serum, followed by an amount of 
crystalline egg albumin calculated to bring the system to 
the equivalence point, led to the formation of a copious 
precipitate. After washing with cold 0.85 per cent so- 
dium chloride, the precipitate contained less than 3 per 
cent of the hemolysate radioactivity. 

The method of chromatography used for the prepara- 
tion of erythrocuprein was modified for the partial sepa- 
ration of copper”-containing substances from a labeled 
stroma-free hemolysate. Diethylaminoethyl cellulose 
(DEAE-SF, California Biochemical Foundation) was 
washed with 1 N NaOH followed by 1 M NaCl. 
then washed with 0.2 M sodium phosphate buffer, pH 6.0, 
until the eluate became free of chloride ion, then 
demineralized water until free of phosphate ion and 
finally with 0.01 M sodium phosphate, pH 6.0. 
ml of hemolyzed packed cells, prepared from blood ex- 


It was 


with 


Twelve 


posed to copper”-acetate for 8 hours at 37° C, was cen- 
trifuged at 144,000 G for 1 hour at 5° C to remove stroma. 
Five ml of the clear supernate was dialyzed, with stirring 
at 5° C for 1 hour, against 500 ml of 0.01 M sodium phos- 


phate, pH 6.0. The dialysis was repeated twice and the 
equilibrated hemolysate was chromatographed on a 25 X 
190 mm column of DEAE-celulose. Because of the short 
half-life of copper“, a metering pump (Milton-Roy Mini- 
pump) was used to achieve an optimum flow rate of 60 
ml per hour. 
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TABLE I 


Volume of packed red cells, serum copper, total erythrocyte copper and erythrocuprein 


Vol. packed 


red cells Serum copper 


Total erythro. i d 
copper Erythrocuprein 





ml /100 ml 


00 


ue /100 mi 


Male 


Mean + SD 9+24 107 + 
Range — 52 82 — 


Female 


Mean + SD 44+ 2.5 127 - 
Range 41 — 103 


Both groups 


Mean + SD 47+ 


3.4 117 + 17.1 
Range 41 — §2 


3 
5 82 — 158 





* E Cu, erythrocuprein copper (erythrocuprein in mg X 


Ten-ml fractions of the effluent were collected and the 
absorbance at 280 mu and the copper” content were de- 
termined. The column was washed with 0.01 M _ phos- 
phate buffer, pH 6.0, until ultraviolet-absorbing materials 
were no longer eluted. A phosphate concentration gradi- 
ent to 0.2 M sodium phosphate, pH 6.0, was then used to 
elute other materials from the column. 

Carboxymethyl-cellulose (CM-W, California Biochemi- 
cal Foundation) was washed (5) and equilibrated with 
0.01 M sodium phosphate buffer, pH 6.0. All fractions 
containing copper“ that were eluted with 0.01 M phos- 
phate from DEAE-cellulose were pooled and applied to a 
25 X 600 mm column of CM-cellulose. The CM-cellu- 
lose was eluted in successive steps with 0.01 M sodium 
phosphate buffers at pH 6.2, 7.0, 7.3, 7.5, and 8.4. Ten- 
ml fractions of the effluent were collected and analyzed as 
described above. 

Other methods and material. Hematologic studies were 
performed by conventional methods (11). Serum copper 
was measured by the method of Gubler and co-workers 
(12) and carbonic anhydrase by the method of Keilin 
and Mann (13). 

The normal subjects used in these investigations were 
laboratory and office personnel between the ages of 20 
and 45. Blood samples were drawn from the individuals 
without regard to time of day or recent dietary intake. 


RESULTS 


Total copper and erythrocuprein in normal hu- 
man erythrocytes. The volume of packed red cells 
(VPRC), serum copper concentration, total eryth- 
rocyte copper concentration and erythrocuprein 
concentration were determined in a single sample 
of blood from each of 20 normal subjects. The 
The values for 
VPRC, serum copper and total erythrocyte copper 
are within the normal range of values reported 
previously from this laboratory (4, 9, 11). 


results are presented in Table I. 


mg/100 ml 


ue /100 mi 
erythro. 


erythro. 


89 + 8.5 16 + 4.4 
63 — 96 13 — 20 


.f 


89 + 12 
72 — 107 


89 + 11.4 16 + 2.9 
63 — 107 13 — 26 


3.4); T Cu, total erythrocyte copper. 


The mean erythrocuprein concentration in nor- 
mal individuals was 16 mg per 100 ml of packed 
erythrocytes. When the copper bound to erythro- 
cuprein was calculated from the erythrocuprein 
concentration, slightly more than half of the eryth- 
rocyte copper was present as erythrocuprein cop- 
per. No significant difference between the sexes 
was noted in this regard. 

To determine the degree of variation in total 
erythrocyte copper and erythrocuprein from week 
to week in a single individual, these two param- 
eters were measured in two male and two female 
subjects (Figure 3). The variation in both meas- 
urements in a single individual during a period 
of 1 month approximated the variation found in 
the entire group of normal subjects and was 
greater than that found in replicate samples. A 
correlation was not observed between erythrocu- 
prein and total erythrocyte copper in 41 paired 
determinations (R = + 0.23; p> 0.1). 

Total erythrocyte copper and erythrocuprein in 
erythrocytes from patients with alterations in the 
concentration of serum copper. To investigate 
the influence of the level of serum copper on the 
concentrations of total erythrocyte copper and 
erythrocuprein, serum copper, total erythrocyte 
copper and erythrocuprein were measured in 17 
patients with conditions known to be associated 
with alteraticas in serum copper (Table II). In 
general, in spite of wide variations in serum copper 
(10 to 322 .g per 100 ml), the total erythrocyte 
copper and erythrocuprein concentrations did not 
differ fro. *!.¢ normal. 
with Wilson's disease and in one of the patients 


In one of the two patients 
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Fic. 3. THE VARIATION IN TOTAL ERYTHROCYTE COPPER 
AND ERYTHROCUPREIN LEVELS MEASURED AT WEEKLY IN- 
TERVALS IN FOUR NORMAL SUBJECTS. 


with idiopathic hypocupremia (14), the concentra- 
tion of erythrocuprein was in the low normal 
range. 

The erythrocuprein concentration was meas- 
ured in 11 patients (3 with thyrotoxicosis, 2 with 


TABLE 
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iron deficiency anemia, 1 with aplastic anemia, 1 
with lymphosarcoma, 1 with paroxysmal nocturnal 
hemoglobinuria, 1 with pyridoxine-responsive ane- 
mia, 1 with biliary cirrhosis, and 1 with malignant 
melanoma) in addition to those presented in Table 
IT. 
within the normal range in each case. 

identity of erythrocuprein. 
To determine whether qualitative immunologic 
differences in erythrocuprein could be detected 


The concentration of erythrocuprein was 
Immunochemical 
individuals, hemolysates were tested with 


the 
Hemolysates from 7 


among 
rabbit by 
double 
normal 


clinic, 40 patients from the wards of the medical 


anti-erythrocuprein serum agar 
diffusion technic. 


subjects, 105 patients from the hematology 


and pediatric services and from 3 samples of um- 
bilical vein blood were studied in this fashion. In 
every case a single zone of precipitation was ob- 
served which showed a reaction of identity with 
purified erythrocuprein. 
action or absence of the zone of precipitation was 


No instance of cross re- 


observed. 

Because cuproproteins have been isolated from 
species other than man (15), erythrocytes from 
pigs, rabbits, chickens and steers were tested for 
the presence of erythrocuprein by the agar double 
diffusion technic. No reaction was found between 
antihuman erythrocuprein serum and hemolysates 
from these species. When we used rabbit anti- 
human erythrocuprein serum to compare a hemoly- 
sate of erythrocytes, obtained from a squirrel 


Il 


Total erythrocyte copper and erythrocuprein in conditions associated with alterations-in the 


Vol. packed 


Condition Patients red cells 


ml/100 ml 
47 + 3.4 
(41 — 52)* 


no, 


Normal subjects 20 


10 38 + 3.6 


(34 — 43) 


Pregnancy 


59 
49 


Umbilical 
vein blood 

54 

46 


Wilson's disease 


Idiopathic 
hypocupremia 
of infancy 


* Range. 


concentration of serum copper 


Erythro- 
cuprein 


Total erythro. 

Serum copper copper 
ueg/100 ml 
117 + 17.1 

(82 — 158) 


ue /100 ml 
89 + 11.4 
(63 — 107) 


mg/100 ml 
16 + 2.9 
(13 — 26) 


19+ 4.4 
(15 — 26) 


246 + 41.0 
(187 — 322) 


68 
72 


57 


75 + 13.6 
(54 — 100) 


104 
109 
95 


28 
18 


89 


67 
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monkey (Saimiri sciureus), with purified erythro- 
cuprein from human subjects, a reaction of partial 
identity was observed. 

Because cuproproteins have been demonstrated 
in mammalian tissues (16, 17), homogenates of 
human brain, liver and kidney were tested with 
rabbit anti-erythrocuprein serum. A single pre- 
cipitin band identical with erythrocuprein was ob 
served in each tissue. 

Secause the sensitivity of the agar diffusion tests 
was sufficient to show precipitin bands due to 
small amounts of blood trapped in the organ be- 
fore homogenization, quantitative precipitin tests 
were performed on the supernates obtained from 
When the 


erythrocuprein concentration was corrected for 


the homogenized tissues (Table III). 


trapped erythrocyte erythrocuprein by calculation 
from the concentration of hemoglobin in the ho 
mogenate, only 1 per cent or less of the total eryth- 
rocuprein could be accounted for by the trapped 
erythrocytes. The erythrocuprein copper in no 
case represented more than 10 per cent of the total 
copper found in the sample. 

Transfer of copper®* between plasma, erythro- 
cytes and erythrocuprein. To determine whether 
copper added to plasma could be detected in eryth- 
rocuprein, copper®‘-acetate was incubated with 
whole blood at 37° C for 12 hours. Aliquots of 
4,8 and 


12 hours for determination of radioactivity in the 


the incubation mixture were taken at 2, 


mixture, in erythrocytes and in erythrocuprein 
(Figure 4). 
In confirmation of earlier studies (18), there 


was a rapid transfer of copper from plasma to 


erythrocytes ; 82 per cent of the radioactivity added 


TABLE Ill 


Erythrecuprein in liver, brain and kidney 


Di: gnosis Erythrocuprein 


ug/e* mg/organ 
Myocardial infarction 150 233 
Cerebrovascular accident 180 171 
Congestive heart failure 
and uremia 260 
Pyelonephritis 1,240 
Wilson's disease 67 
Wilson's disease 170 
Brain Myocardial infarction 50 
Huntington's chorea 80 


Kidney Myocardial infarction 90 


* Wet tissue. 
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zErythrocuprein 








Percent of added radioactivity 





Time in Hours’ 


Fic. 4. TRANSFER OF COPPER™ FROM PLASMA TO ERYTH 
ROCYTES AND ERYTHROCUPREIN, AFTER im vitro INCUBATION. 
The uptake curves are expressed as per cent of the total 
radioactivity added to the whole blood which was re- 
covered in the erythrocytes and in the erythrocuprein 


to whole blood appeared in the erythrocytes in 12 
hours. There was a slow transfer of radiocopper 
About 25 


per cent of the radioactivity added was in eryth- 


into erythrocuprein during this period. 


rocuprein after 12 hours, but as mentioned previ 
ously, under the conditions of this experiment not 
all of the erythrocuprein was precipitated by the 
antiserum. 

Separation of a second soluble erythrocyte cop- 
Since the 
studies on the quantitative measurement of eryth- 


per component from erythrocuprein. 


rocuprein indicated that all of the copper in eryth 
rocytes could not be accounted for in this cupro 
protein, an effort was made to separate a second 
soluble copper component from erythrocuprein. 
Copper**-acetate was incubated with whole blood 
for 8 hours at 37° C. 
rated from the plasma, washed, and hemolyzed. 


The erythrocytes were sepa 


The stroma was separated from the soluble he 
molysate by centrifugation at 144,000 G for 1 hour 
at 5° C. An aliquot of the labeled stroma-free 
hemolysate was subjected to chromatography on 
DEAE-cellulose (Figure 5). The fractions un- 
der the initial peak, eluted from the column by 
0.01 M phosphate buffer, were pooled and were 
found to contain hemoglobin, carbonic anhydrase 
activity, and 50 per cent of the radiocopper of the 
hemolysate. 

At approximately the midpoint of the gradient. 
a peak of radioactivity appeared which contained 
about 42 per cent of the radioactivity of the 
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Fic. 5. CitROMATOGRAM OF A HEMOLYSATE OF LABELED 


HUMAN ERYTHROCYTES. Erythrocytes were incubated 
with copper for 8 hours, washed, packed, and hemolyzed. 
Stroma was removed by centrifugation; 10 ml of the 
clear hemolysate was dialyzed against 0.01 M phosphate 
buffer (pH 6.0) and chromatographed on DEAE-cellu- 
lose. The values on the ordinate refer to the corrected 


cpm found in each 10-ml effluent fraction. 


The 


senting the peak were pooled and an aliquot was 


stroma-free hemolysate. fractions repre- 
incubated with 2 ml of anti-erythrocuprein serum 
for 2 hours at 37° C. All of the radioactivity in 
the aliquot was precipitated by the specific anti- 
serum. In three experiments, from 83 to 100 per 
cent of the total radioactivity added to the column 
was recovered in the fractions collected under the 


two peaks. 
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‘1G. 6. CHROMATOGRAM OF THE 
FRACTION OF 


NON-ERYTHROCUPREIN 
The frac- 
tions from the DEAE-cellulose column (Figure 5) con- 
taining the initial peak of radioactivity were chromato- 
graphed on CM-cellulose without further treatment. 
The values on the ordinate refer to the corrected cpm 
found in each 10-ml effluent fraction. 


LABELED HUMAN ERYTHROCYTES. 
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When the pooled fractions representing the ini- 
tial peak of radioactivity eluted from the DEAE 
cellulose were subjected to chromatography on 
CM-cellulose, all the copper® recovered from the 
CM-cellulose appeared immediately in the pH 6.2 
effluent (Figure 6). This effluent contained all 
the carbonic anhydrase activity of the original 
hemolysate. Most of the hemoglobin was adsorbed 
by the CM-cellulose under these conditions, al- 
though the effluent exhibited slight absorbance at 
540 ma. 


tive peak were pooled, dialyzed, and lyophilized. 


The fractions representing the radioac- 


The combined fractions contained no erythrocu- 
When 


this material was tested against antiserum to the 


prein as determined immunochemically. 


crude starting material (LP) by the agar double 
diffusion technic, three antigens were demon- 
strated. Four protein components were demon 
strated by starch gel electrophoresis at pH 9.5. 
Further purification of the radioactive compo- 
nent(s) of this fraction was not feasible because 
of the short half-life of copper® 


DISCUSSION 


The results of this study indicate that normal 
human erythrocytes contain 16 + 2.9 mg of eryth- 
rocuprein per 100 ml of packed cells. 
that erythrocuprein contains 3.4 yg of copper per 


Assumed 


mg of protein (2), erythrocuprein accounts for 
about 60 per cent of the copper present in eryth- 
rocytes. These values are lower than those re- 
ported previously (1). In the previous study the 
erythrocuprein was purified by tricalcium phos- 
phate gel adsorption, and ethanol and ammonium 
sulfate fractionation. It has now been shown that 
this material contained a small amount of highly 
antigenic impurity. The erythrocuprein used in 
the present study was purified by chromatography 
and a contaminating antibody could not be dem- 
onstrated in the antiserum prepared by the use of 
this more highly refined preparation. 

In agreement with the observation that erythro- 
cuprein does not account for all of the copper in 
erythrocytes, a second soluble copper compo- 
nent(s) has been separated from hemolysates by 
column chromatography. The nature of this sec- 
ond copper-containing component(s) is unknown. 

The existence of two erythrocyte copper pools 


was first suggested by studies in copper-deficient 
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swine (19). It was noted that the concentration 
of copper in the erythrocytes of such swine de- 
creased rapidly early in the course of the deficiency 
from a level of 110 wg per 100 ml of packed cells 
to approximately 67 pg. Thereafter, in spite of 
the severity of the copper deficiency there was little 
further decrease in the erythrocyte copper concen- 
tration. Bush and colleagues (18) noted in a 
later study that when radiocopper was incubated 
with normal human erythrocytes for 15 to 30 min- 
utes, radiocopper moved rapidly into and out of 
the erythrocytes; this fraction of erythrocyte cop- 
per was referred to as the “labile pool.”” However, 
when erythrocytes were incubated with radiocop- 
per for 24 hours, the radiocopper was transformed 
in part into a fraction that turned over much more 
slowly; the copper in this fraction was referred 
to as the “stable pool.” 

In the same study (18) it was also demonstrated 
that, when radiocopper was added to plasma, it 
entered the “‘direct-reacting” fraction of plasma 
copper and did not exchange with the copper in 
ceruloplasmin. the the 
bation of erythrocytes with radiocopper reported 


From studies on incu- 
in this paper, it is apparent that radiocopper added 
to plasma does move into erythrocuprein and into 
the second fraction. 

The studies on the erythrocuprein concentra- 
tion in erythrocytes from patients with various 
disease states indicate that the erythrocuprein 
content is quite constant. In patients with hyper- 
cupremia, the concentration of erythrocuprein was 
not increased. At most only an equivocal re- 
duction in erythrocuprein was observed in patients 
with severe hypocupremia. Thus, the amount of 
erythrocuprein in erythrocytes was independent 
of the ceruloplasmin concentration, since about 95 


per cent of the copper in serum is in ceruloplasmin. 
The failure to detect qualitative differences be- 
tween individual erythrocupreins from over 150 
subjects with a wide variety of blood dyscrasias 
when tested by agar double diffusion suggests that 


qualitative as well as quantitative alterations in 
erythrocuprein in disease are not common, if such 
do occur. 

Erythrocuprein was detected in human liver, 
kidney and brain in concentrations greater than 
could be accounted for by the number of erythro- 
cytes present, but the copper in the erythrocuprein 
fraction of the organs accounted for less than 10 
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per cent of the total organ copper. Erythrocu- 
prein, on the basis of physicochemical properties, 
is quite similar to the brain copper protein, cere- 
brocuprein I, isolated by Porter and Folch (17), 
but until highly purified cerebrocuprein has been 
tested against anti-erythrocuprein serum, the iden- 
tity of these two cuproporteins must remain un- 
certain. Erythrocuprein can be distinguished from 
the human hepatocuprein, isolated recently by 
Shapiro, Morell and Scheinberg (20), on the basis 
of differences in molecular weight and copper 
content. 


SUMMARY 


1. A chromatographic method for the prepara- 
tion of immunologically homogeneous erythrocu- 
prein has been described. The physical and chem- 
ical properties of the erythrocuprein isolated were 
similar to those of the erythrocuprein isolated 
previously. 

2. The erythrocuprein concentration was de- 

termined by the precipitin technic in erythrocytes 
from 20 normal subjects. The mean value + 1 
SD was 16+ 2.9 mg per 100 ml of packed cells. 
Since erythrocuprein contains 3.4 pg of copper 
per mg of protein, the copper in erythrocuprein 
accounts for about 60 per cent of the total eryth- 
rocyte copper. 
3. Quantitative and qualitative study of eryth- 
rocuprein in erythrocytes from patients with a 
variety of disorders failed to disclose alterations 
from the normal. The concentration of erythro- 
cuprein was independent of alterations in the con- 
centration of serum copper. 

4. Erythrocuprein was detected in human brain, 
liver and kidney. 

5. Hemolysates of pig, rabbit, chicken and bo- 
vine erythrocytes failed to react with antihuman 
erythrocuprein rabbit serum in the agar diffusion 
system. <A reaction of partial identity was ob- 
tained with a hemolysate of squirrel monkey 
(Saimiri sciureus) erythrocytes. 

6. A second erythrocyte copper fraction has 
been separated from erythrocuprein by chromatog- 
raphy on diethylaminoethyl-cellulose and from he- 
moglobin by chromatography on carboxymethyl- 
cellulose. The nature of the copper compound(s) 
in this fraction is unknown. 

7. When radiocopper was incubated with whole 
blood, radioactivity was detected both in the 
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erythrocuprein and in the second copper-contain- 
ing fraction. 
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For many years clinical interest in p-galactose 
centered about the usefulness of galactose tolerance 
tests in the diagnosis of impaired liver function. 
Several investigators, employing an intravenous 
galactose tolerance test, have reported their re- 
sults (1-3). 
perhaps the most extensive analysis of both the 


The monograph by Stenstam (4) is 


oral and intravenous tolerance test yet reported. 
In all of these studies the parameter for measure- 
ment of galactose metabolism has been the disap- 
pearance rate of the sugar from blood or the uri 
nary excretion of the sugar for an arbitrary time 
interval 

More recently research in galactose metabolism 
has had as its focal point the disease, congenital 
galactosemia. Kalckar and Maxwell, and their 
associates (5-7) have contributed to the delinea- 
tion of the pathways of galactose metabolism and 
have pinpointed the enzymatic defect in galactose 
(8, 9). 
that certain steroids as well as menthol are able 


mia Other investigators have reported 


to prevent the depression of galactose oxidation in 


liver slices and homogenates caused by the metab- 


olism of ethanol and aldehydes (10-12). The ad- 
ministration of progesterone (13) and menthol 
(12) has enhanced the ability of galactosemic 
subjects to oxidize galactose to CQO,. 

Because of the latter experiments it became im- 
portant to delineate the physiologic disposition 
and metabolic fate of C'*-galactose in normal sub- 
jects. This report presents the results of ex- 
periments performed for this purpose. Observa- 
tions have been made of the effect of progesterone. 
menthol, and ethanol on galactose-1-C'* oxidation. 


METHODS 


Sixteen intravenous infusions of galactose-1-C“ were 


carried out in 6 normal male volunteer subjects whose 
ages ranged from 18 to 22. These subjects were main- 
tained on a 300 g carbohydrate diet and had normal glu- 
cose tolerance as determined by the method of Amatuzio, 
Vanderbilt and Nesbitt (14) All 


Stutzman, experi- 


ments were performed aiter an overnight fast which 
was continued during the 5-hour period of study. 

All of the above subjects received 5 wc of galactose 
1-C™ either as a tracer of 1.05 mg or mixed with either 
10 or 20 g of unlabeled galactose present in 20 per cent 
solution. In two studies 50 mg per day i.m. progesterone 
and in another experiment 750 mg per day p.o. menthol 
were administered for 5 and 3 days, respectively, prior 
to the isotope infusion. When ethanol was given, 10 or 
20 ml of absolute ethanol was diluted with an equal vol- 
ume of water and ingested, p.o., 5 minutes prior to the ra 


At 


after the infusion, expired air for CO, analysis was col 


dioactive galactose infusion. various time intervals 
lected in Douglas bags and blood was drawn for galactose 
and glucose analysis. Urine was collected for 24 hours 
for determination of radioactivity, and in some experi 
ments in which large quantities of galactose were given, as 
says were performed for reducing substance and glucose 
oxidase-reacting material. 

Galactose-1-C™ (specific activity 4.72 wo per mg) was 
purchased from Dr. H. Isbell of the National Bureau of 
Standards and prepared for intravenous use as a solu 
tion of 1 we per ml of normal saline by the radiophar 
of the National Institutes of Health. Unlabeled 
galactose was purchased from the Pfanstiehl Co. and pre- 
pared for i.v. use as a 20 per cent solution by the NIH 
pharmacy. 


macy 


These solutions were sterile and pyrogen- 
free. USP absolute ethanol was used. Progesterone in 
oil was the commercial preparation of Eli Lilly and Co 
L-menthol was given orally as a 25 per cent peanut oil 
solution in gelatin capsules containing 250 mg of the drug 
The Na pyruvate used was purchased from Schwartz 
siochemical Co. and prepared for use as a 10 per cent 
solution in normal saline. 

Carbon dioxide was assayed by the method of Fred 
rickson and Ono (15) and the C“O, in Hyamine assayed 
in a Packard Tri-Carb liquid scintillation spectrometer 
counting at 54 per cent efficiency. Blood glucose in fil 
trates prepared by the Somogyi procedure and urine glu 
cose were assayed with glucose oxidase. Galactose was 
estimated as the difference between total reducing sub 
stance by the Nelson method (16) and glucose oxidase- 
positive material. Blood was assayed for radioactivity 
(17). 
from blood by the method of Blair and Segal (18). 


as described Glucose was_ isolated 
Ra- 
dioactive galactose in blood was estimated by the iso 


tope dilution technic as follows. Toa 1:10 Somogyi blood 


previously 


1Glucostat reagent purchased from Worthington Bio- 
chemical Co., Freehold, N. J. 
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filtrate made from 20 ml whole blood was added a known 
umount (approximately 50 mg) of galactose. The fil- 
trate was evaporated to 3 ml. To this was added an 
equal volume nitric This 
heated for 90 minutes in a boiling water bath and then 
placed overnight in a refrigerator at 4° C. The mucic acid 
crystallized out of solution and was recrystallized from 
hot water. Both gluconate and mucic acid were com- 
busted to CO, by the method of Van Slyke, Plazin and 
Weisiger (19). The BaCQ, thus obtained was treated 
with acid to liberate CO, which was trapped in Hyamine 
ind counted by the scintillation technic (20). Urine-C™ 


of concentrated acid. was 


was assayed as previously described (21). 

Two laboratory personnel, one male and one female, 
ages 33 and 35, respectively, donated blood from which 
leukocytes were prepared by the method of Skoog and 
Beck (22). The incubation procedure was similar to 
that already reported (23). Human liver for in vitro 
study was obtained at surgery from a 29-year old male 
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with metastatic islet cell carcinoma. Tumor was present 


in the liver but none was observed macroscopically in 
the segments used to prepare the tissue slices for the tm 
vitro study 


RESULTS 


The effect of increasing the quantity of sugar in 
jected on oxidation of galactose-1-C'* to C™O,,. 
The radioactive sugar was metabolized to labeled 
CO, as shown for a tracer amount in Figure 1. 
The control curve in the upper part of Figure 1 is 
similar to that observed after glucose-1-C' ad 
ministration (24). Table I reveals the per cent 
of the administered C'* found in expired air at 
hourly intervals after injection of the isotope. 
When the amount of injected galactose was about 
1 mg, 31 to 35 per cent of the C™ dose was in ex 
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UppER PORTION IS THE EXPIRED CQ, AFTER LV. 
OF A TRACER QUANTITY OF GALACTOSE-1-C“ IN A NORMAL SUBJECT. 


ADMINISTRATION 
Alcohol 


Lower portion is the CO, excretion curves after ad- 


ministration of 20 g galactose containing the same amount of galactose-1-C™ 


as given in the tracer experiments. 
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TABLE I 


The extent of oxidation of galactose-1-C™ after intravenous injection into normal subjects 


Administered C™ in expired air 


Minutes after injection 
CO: . - . 
Subj. excret. 120 180 240 300 


Amt. of sugar Exptal. additions 





17.60 
18.23 


mmoles /min 
10.8 
10.8 


10.17 
10.53 


None 
Progesterone 


g 
0.00106 
0.00106 


ho bh 
unm 
TT) 
wn Co 


None 1 
Progesterone 1 


0.00106 


12.5 
0.00106 7 


me & 
4.7: 4. 


wd 
bt 00 
oom 
umn 


20.09 
19.14 
20.69 
16.57 


9.9 2 .87 
10.0 ‘ 33 
10.6 ; 13 
9.6 


None 

Menthol 
Pyruvate, / g 
Ethanol, 20 ml 


0.00106 
0.00106 
0.00106 
0.00106 


on he a) 
Nowe 


NM dO hd bh 
woourn 
~ 


4.40 
1.62 


None 10.3 


~ 
~ 
—_ S 
So 


10.0 


10.0 
Glucose-1-C' 
0.0018 
0.0018 


None 
Ethanol, 10 ml 


None 
Ethanol, 20 ml 


20.0 
20.0 


None 

Ethanol, 10 ml 
Ethanol, 10 mi 
Fructose, 10 g 

Ethanol, 10 ml 
Pyruvate, 5 g 


20.0 
20.0 
20.0 


20.0 


pired CO, within 5 hours. This corresponds 
quite closely with the amount of CO, excreted 
after glucose-1-C** injection as reported previously 
(24) and shown also in Subject D.S., Table I. 
The injection of 10 and 20 g sugar containing an 
identical amount of radioactivity resulted in a 
slight reduction of the per cent of the injected C** 
excreted in expired air, as shown in Table I. 
Subject D.S., given 10 g, excreted 29 per cent, 
and Subjects D.P. and H.S., given 20 g, excreted 
25 and 28 per cent of the radioactivity, respectively, 
in 5 hours. 

The effect of increasing the amount of injected 
sugar is most striking when one compares the 
per cent C** excreted at 1 hour with the values 
for the tracer studies. The lower portion of Fig- 
ure 1 shows the C™O, excretion curve after a 20 g 
infusion in Subject H.S. The initial rate of C'*O, 
production is about 40 per cent slower than that 
seen for the tracer study in Figure 1. With time, 
however, the CO, excretion after a load ap- 
proaches that seen after a tracer quantity. Con- 
sidering the fact that the specific activity of the 
injected galactose is lowered 10- and 20-thousand- 


Ethanol, 10 ml LS §.25 1 


21.6 ae 
23.4 31.58 
12.75 19.10 
7.93 14.03 
16.37 22.51 

15.81 
13.14 


16.41 


fold in the load experiments, it appears that the 
system has a large capacity for metabolizing galac- 
tose. The fact that the CO, excretion is some- 
what lower after a load suggests that the system 
is beginning to be saturated, for it would be ex- 
pected that the per cent of substrate metabolized 
remains constant with increasing concentration 
until the point of saturation where the value 
would then decrease. The effect on expired CO, 
observed with increasing quantity of injected ga- 
lactose is in marked contrast to that observed with 
p-ribose, where a marked decrease in oxidation 
occurred upon increasing the sugar given from 
a tracer to 20 g (17). 

Effect of progesterone and menthol on galactose 
oxidation. It has been reported that progesterone 
administration to three galactosemic children and 
menthol administration in two others enhanced 
their ability to oxidize a tracer quantity of la- 
beled galactose (12, 13). In these experiments, 
during control periods, virtually no C'*O, was pro- 
duced, whereas after the administration of these 
drugs, from 7 to 17 per cent of the C™* injected 
appeared in CO, in 5 hours. Three studies, two 
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with progesterone and one with menthol, have 
now been performed in normal subjects, and the 
results are shown in Table I and Figure 1. A 
itself in 
Whereas, in the galactosemic children in whom the 
capacity for metabolizing galactose to CO, is es- 


problem presented these studies. 


sentially nil and the effects of a drug stimulating 
oxidation may be easily seen, in the normal there 
is a baseline of rapid and extensive metabolism 
Fluctuations in this 
baseline could make interpretation of the drug 
In Subject S.K. the per cent of 
the C™ given that appeared in expired air was 


which is probably maximal. 
studies difficult. 


virtually identical before and after progesterone 
administration. Subject J.F. showed a slight in- 
crease after the drug. Subject M.B., whose post- 
menthol excretion curve is seen in Figure 1, had 
no stimulatory effect of the drug. The results 
indicate that these drugs do not have an effect 
on galactose metabolism in a normal subject. 

Caution must be exercised, however, in com- 
paring the effect of these drugs in post-pubertal 
normal subjects and children. Because of the 
problems involved, we have not performed these 
experiments with radioisotopes in normal children. 

Effect of ethyl alcohol on galactose oxidation. 
Stenstam (4) has demonstrated very clearly in 
the human that ethyl alcohol impairs the clearance 
of administered galactose from blood. Several 
reports have appeared which demonstrate in vitro 
that ethanol inhibits galactose metabolism and 
that this effect is due to changes in intracellular 
reduced diphosphopyridine nucleotide (DPNH) 
(11, 25,26). 

The present studies reveal that small amounts 
of ethanol may markedly inhibit the metabolism 
of galactose-1-C'* to C*Q,. 
tabulated in Table I. Figure 1 demonstrates this 
inhibition in a tracer study in Subject M.B. The 
potency of the effect is brought out here, since this 
reveals the inhibition of metabolism of 1 mg in a 
system that has a capacity for metabolizing many 
The effect of ethanol 


These results are 


thousands of milligrams. 
was greater in the loading experiments with 10 
and 20 g. Figure 1 also shows the marked in- 
hibition of appearance of CO, in a study with 20 
g of the sugar. This effect of ethanol is not seen 
when C** glucose is injected, as is shown in Table 
I, Subject D.S. 

Smith and Newman (27) have demonstrated 
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in the rat that injected pyruvate decreases the high 
levels of DPNH generated in liver during ethanol 
administration by being reduced to lactate with 
DPNH 
therefore performed on the effect of pyruvate on 
( Fig- 
ure 1), 1 g of pyruvate was given i.v. in the ab- 


as a cofactor. Two experiments were 


galactose-1-C'* oxidation. In the first 


sence of ethanol to see whether the normal metab- 
olism could be stimulated. Little or no effect was 
observed. In the second, shown in the lower sec- 
tion of Figure 1, an attempt was made to reverse 
the effect of 10 ml of ethanol by injecting 5 g of 
sodium pyruvate. This amount of pyruvate failed 
to overcome the inhibition. Because the principal 
fate of pyruvate in man may be oxidation rather 
than the conversion to lactate, which would be 
needed for alteration of DPNH levels, a pyruvate- 
generating system, involving fructose metabolism, 
was employed (28). 
that 10 g of fructose i.v. was also unable to over- 


Figure 1 also demonstrates 


come the ethanol effect. 

The disappearance of C'* and galactose from 
blood and the conversion of galactose to glucose. 
Figure 2 demonstrates the change with time in 
whole blood C'* after a tracer dose of galactose- 
1-C’* was given to Subjects M.B. and J.F. The 
inset shows the decrease in chemically determined 
galactose in blood of M.B. after a 5 g infusion. 
Whereas there was no detectable galactose in blood 
15 minutes after the 5 g infusion, at the same 
time and for many minutes thereafter, much C™ 
was present in the tracer experiment. The rate 
of decrease of C'! was very much slower than that 


of galactose itself. 


7 Shan nin Oa Oe 
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THE CHANGE IN BLOOD C™ WITH TIME AFTER 
The inset shows the dis- 


Fic. 2. 
LABELED GALACTOSE INJECTION. 
appearance from blood of chemically determined galac- 
tose after a 5 g injection. 
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TABLE II 


Distribution of C* in blood after galactose-1-C 
and glucose-1-C™ administration 


Cl in blood 
lime after 
inject. 


Sugar injected 


and subject Galactose C! Glucose C4* 


Total C' 
min dpm/100 ml dpm, 100 mi dpm, 100 mi 
Galactose-1-( 

M 18,485 
7,305 


30 48,400 2,723 
121 21,000 223 
12,904 


15 43,400 3,402 
57 5,980 


96 20,600 657 


29,680 
10,250 


35,600 
22,380 


* Corrected for adsorption of radioactive galactose (18) 


The latter fact suggested that metabolites of 
galactose were present in blood. Since the path- 
way of galactose metabolism involves conversion 
to glucose, two experiments were carried out to 
ascertain how much of C* in blood after a tracer 
injection was in glucose or galactose. The galac- 


tose-C'* was isolated as mucic acid by a carrier- 


dilution technic, and glucose as gluconate. Table 


II contains the results of these experiments. In 
JF 
injection, less than 10 per cent of the blood-C™ is 
galactose. At latter 
galactose-C™ is even a smaller fraction of the total 


15 minutes, and in M.B. 30 minutes, after the 


the time intervals shown, 
C'. On the other hand, a substantial amount of 
the C™* is present as glucose. The nature of the 
other C'* compound(s) is unknown. For com- 
parison, results are shown in the table for the 
amount of C* in blood glucose after glucose-1-C™ 
injection. With time a substantial amount of non- 
glucose-C'* appears in blood, paralleling the re- 
sults in the galactose experiments. 

It is possible to estimate the fraction of in- 
jected galactose-C™ circulating as glucose by de- 
termining the total C’* in the glucose compart- 
ments. This may be calculated if the specific ac- 
tivity of blood glucose and the size of the glucose 
pool are known. For the 30-minute point of Sub- 
ject M.B. the specific activity of blood glucose was 
52,700 dpm per mmole. Estimating the glucose 
pools to be 100 mmoles (24), it may be calculated 
that about 5 million dpm of the 11 million in- 
jected are in body glucose pools. This result is 
consistent with the known pathway of galactose 
metabolism in which glucose phosphates are in- 
termediates in the conversion of galactose to CQO.,,. 


In Figure 3 are shown data of the effect of 
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ethyl alcohol on galactose disappearance from 
blood after a 20 g infusion. As has been demon- 
strated previously by Stenstam (4), alcohol slows 
this disappearance and this was not corrected by 
infusion of 5 g sodium pyruvate, paralleling the 
results on C**Q, described previously in the sec 
tion on C™Q, excretion. Figure 3 also shows a 
rise in blood glucose levels after galactose infusion 
and this is consistent with the data above on the 
It should be 


noted that when alcohol is ingested there is little 


conversion of galactose to glucose. 


or no increase in blood glucose, as would be ex 
pected if alcohol inhibited the conversion of galac 
tose to glucose. 

In certain normal individuals (4, 29) and in ga 
lactosemic infants (30), galactose infusion may 
cause hypoglycemia. Hoffeld 
and Foa (31) have demonstrated that galactose in 


Pozza, Galansino, 


fusion causes increased insulin release from the 
Hyperreactivity to insulin may explain 
The 


alternative explanation of Sidbury (32) and Gins 


pancreas. 
the resultant hypoglycemia in these people. 


burg and Neufeld (33) that phosphoglucomutase 
is inhibited by accumulated galactose-1-phosphate, 
thereby slowing glycogen breakdown to glucose, 
also should be entertained. 

Urinary excretion of C™, reducing substance 
Table III presents data on the ap 
About 3 per cent of the 


and glucose. 
pearance of C™ in urine. 
injected C'* was excreted by this route in the 
tracer studies. In the one study with menthol 
(Subject M.B.) significantly less C’* appeared in 
With injection of 20 g, 5 to 8 per cent of 
\lcohol in 


urine. 
the C™ originally given was excreted 


iso 
| Subject HS 
140- 


Subject DF 


*—* Golactose 
>--=0 Galactose + Alconc 
#—~ (Galactose + Alcoho: 


+ Pyruvate 
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GALACTOSE FROM BLOOD AFTER INFUSION OF 20 G AND THE 


CONCOMITANT CHANGE IN BLOOD GLUCOSE, 
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rTABLE Ill 


Urinary excretion of C™, reducing substance and glucose oxidase-reacting substance after galactose administration 


Dose excreted 


Reducing Glucose oxidase 


Amt. of substances reactant 


galactose 
inj. s -s 2 0-5 5-24 
& 
0.00106 None 
0.00106 Menthol 
0.00106 Alcohol, 10 mil 
0.00106 Pyruvate, / ¢g 
].F. 0.00106 None 
0.00106 Progesterone 
13S. 20.0 None 
20.0 Alcohol, 10 ml 
DF. 20.0 None 
20.0 \lcohol, 20 mil 


SIN O ere = 
“I= HUN 00D 


Total 24-hour excretion. 


gestion essentially doubled the 5-hour C' excre- between C'* and reducing substance. Froesch 
tion. Reducing substance was assayed in urine and Renold have shown that as much as 1 g of 
of the subjects receiving 20 g in order to see nonspecific reducing substance expressed as glu 
whether the C'* excreted corresponded to copper- cose was excreted in 24-hour urine specimens. 


reducing sugar. In all but one urine specimen, Since the reducing power of galactose is less than 


reducing substance expressed as galactose was glucose, if the reducing substance is expressed 


greater than the C'*. This led to the suspicion that as galactose it would represent well over 1 g of 
urinary glucose excretion was elevated and that the sugar or over 5 per cent of the injected 20 g 
this might account for the discrepancy between Thus, the difference between the C** and galactos« 
reducing substance and C™*. The glucose excre- expressed as reducing substance could be ex 
tion, however (Table IIJ), was not greater than plained on the basis of nonspecific reducing sub 
that reported by Froesch and Renold (34) for nor- _ stance. 


mal urine, and did not account for the difference In vitro effect of various drugs on galactose 


rTABLE I\ 


In vitro effect of ethanol, menthol, progesterone, and pyruvate on galaclose-1-( 
oxidation by human leukocytes and liver* 


cpm /106 leukocytes or 100 mg, livert 
Ethanol 10°? M 
Menthol Progesterone Pyruvate 
1.6 X 3.2 x 
Control ‘ 10 ig-« 8} 10° 107% 10 M 4 x107% 10°? M 10°°M 
WBC 
Exp. 1; Subj. A.B. 
Exp. 2; Subj. A.B. 


Exp. 3; Subj. S.S. 


Liver 
Exo. 1; Subj.:C.C. 2,73 a 2282 Ag 766 


* Liver slices were prepared with a Stadie-Riggs microtome and placed in modified Warburg flasks containing 2 m! 
of Krebs-Ringer bicarbonate buffer and 0.24 uc of radioactive galactose. Incubation procedure was similar to that de 
scribed for the leukocytes (23). 

+ Leukocyte values are averages of duplicate, and liver the averages of triplicate determinations 
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-1-P- —— UDP cat ——_T 5 we cin» co, 
(1) 


ethanol —_——— 


Fic. 4. ScHEeMATK 
GALACTOSE METABOLISM. 
enzymes: 1, 
phate galactose 
dinediphosphate glucose (UDPGlu) 
from glucose-1-P to CO.; 6, 


8, lactic dehydrogenase. 


dation by human leukocytes and liver. The inhi- 
bition of galactose oxidation in animal liver and 
intestine by ethanol and certain aldehydes and the 
reversal of this effect by menthol and progesterone 
have been reported (10-12). Experiments were 


performed on human leukocytes to ascertain 
whether these effects were obtained in human tis- 


Table IV that 


ethanol was able to depress galactose oxidation in 


sues. The data in demonstrate 
leukocytes but that menthol and progesterone in 
range of concentration did not restore the 


On the other hand, 


a wide 
galactose oxidation to normal. 
pyruvate not only was able to reverse the inhibi 
tion caused by ethanol but also caused a stimula- 
tion of galactose oxidation above the baseline val- 
lack of effect of 


vivo studies described above. 


ues. This is in contrast to the 
pyruvate in the in 
Other experiments with normal hemolysates have 
shown the inability of menthol and progesterone 
to reverse the depression of galactose metabolism 
caused by aldehydic substances (35); but when 
human liver was employed, 10-* M menthol tended 
sate the ethanol effect. Progesterone at the 


concentration appeared to have no 


to neg 
same such 
effect. 


DISCUSSION 


b-galactose is an important sugar in human nu- 
trition, especially in the young, whose principal 
Milk contains about 5 g per 100 ml 
which is a disaccharide of glucose and 


food is milk. 
of lactose, 
It is not surprising, therefore, to 


galactose (36). 


REPRESENTATION OF 

The numbers represent reactions involving the 
galactokinase; 2, galactose-1-P uridyl transferase; 3, 
(UDPGal) pyrophosphorylase ; 
pyrophosphorylase 
alcohol dehydrogenase ; 


—--> acetaldehyde 
(6) 
a a 
ropionaldeh 

~— v4 DPN 

glycoaldehyde 

glyceraldehyde 

pyruvate Li 


progesterone 
menthol 


menthone 


THE PATHWAY AND FACTORS AFFECTING 
following 
uridinediphos- 
4, UDPGal-4-epimerase; 5, 


and subsequent enzymes 


uri- 


7, aldehyde dehydrogenase; 


find that normal subjects have the capacity to 
metabolize large quantities of injected galactose. 

The pathway of galactose metabolism has been 
delineated by Caputto and co-workers and Leloir 
(37, 38) and by Kalckar and Maxwell and associ- 
ates (5,6). This is schematically shown in Fig- 
Galactose is phosphorylated to form galac- 
tose-l-phosphate (gal-1-P) then 
verted to UDPGal by the enzyme gal-1-P uridyl 


ure 4. 
which is con- 
transferase (reaction 2). This is the deficient en- 
route 
(39), 


galactosemia. By an alternate 
found in yeast (5), 
and in liver (40) 


transformed to UDPGal. 


zyme in 


mung bean seedlings 


(reaction 3), gal-1-P may be 
The physiologic role of 
this pathway in man remains to be assessed. 
UDPGal is epimerized by UD PGal-4-epimerase to 
UDP latter may 
dergo pyrophosphorylytic cleavage to glucose-1- 
phosphate which then enters the usual pathway of 
oxidation to CO,. 


that, in man, 


glucose (reaction 4). The un- 


glucose The present studies 


show galactose is extensively con- 
verted to glucose. 

Maxwell 
the UDPGal-4-epimerase enzyme. One 
is marked inhibition by DPNH. DPN is an es- 
sential cofactor for the epimerase reaction. It has 
now become apparent that the level of DPNH in 


(41) has described the properties of 


of these 


tissue exerts a marked controlling effect on galac- 


tose metabolism. Figure 4 summarizes sche- 


matically the factors regulating galactose metabo- 
(10-12, 25, 26). 


lism Ethanol via conversion to 
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acetaldehyde, and various aldehydes via conver- 
sion to their respective acids by aldehyde dehy- 
drogenase, generate DPNH (reactions 6 and 7) 
The DPNH inhibits the epimerization of UDPGal 
which interferes with galactose conversion to glu- 
cose. Progesterone, menthol and menthone in 
the in vitro studies inhibit aldehyde dehydrogenase 
(reaction 7), thereby preventing the rise in DPNH 
levels. The effect of ethanol and aldehydes may 
be reversed by pyruvate conversion to lactate 
which involves DPNH oxidation to DPN (reac- 
tion 8). This takes the “brake” off the epimerase 
reaction. The importance of the epimerase reac- 
tion in the control of galactose metabolism even 
in the presence of limited amounts of uridyl trans- 
ferase enzyme (reaction 2) has recently been 
stressed (42) 

The explanation for the lack of an effect in 
white cells of progesterone and menthol is not 
readily apparent. Menthol and progesterone are 
believed to act by affecting the activity of alde- 
hyde dehydrogenase. Maxwell has purified hu- 
man liver aldehyde dehydrogenase and_ has 
found it to be less sensitive to these drugs 
than are the corresponding enzymes prepared 
from several species (43). This may be the ex- 
planation for an incomplete effect of menthol and 
the absence of a progesterone effect at the con- 
centrations used in the experiments with human 
liver. The lack of an effect of the drugs in the 
white cell could be related to their permeability 
into the cell. The insensitivity of red cell alde- 
(35) 


tends to suggest, however, that the enzyme pres- 


hyde dehydrogenase to these substances 


ent in peripheral blood cells may have charac- 
teristics different from the corresponding enzyme 
present in liver. 

Although the role of progesterone and menthol 
in galactose metabolism in animal tissues in vitro 
has been elucidated, the mechanism of action of 
these drugs to stimulate galactose metabolism in 
subjects with galactosemia remains obscure. The 
explanation of the latter effect becomes more 
puzzling in view of the present findings that these 
drugs do not stimulate galactose metabolism in 
normal subjects. This raises the question of 
whether it is mere coincidence that progesterone 
and menthol in vitro act primarily in a system de- 
pressed by aldehyde oxidation and im vivo only in 


subjects whose metabolism is also depressed. 


2023 


The knowledge that ethanol ingestion inhibits 
galactose metabolism has some clinical application. 
Schwarz has found the accumulation of galactose- 
1-phosphate in cord blood of a newborn galacto- 
semic baby (44) and, along with others (45), has 
postulated that there may be in utero damage to 
such a child by transplacental galactose. It might 
be recommended that when a mother of a known 
galactosemic child becomes pregnant, in addition 
to institution of a galactose-free diet, cessation of 
any ethanol ingestion should be carried out as 
well. 

SUMMARY 


Various quantities of galactose-1-C*', when 
given intravenously to normal human subjects, 
are rapidly and extensively metabolized to C**O,. 
This metabolism is markedly slowed by ingestion 
of ethanol but is not affected by administration of 
White blood 


cell metabolism of galactose in vitro is inhibited by 


progesterone, menthol or pyruvate. 


ethanol, but this inhibition is not reversed by 
menthol or progesterone. Depression by ethanol 
of galactose oxidation in human liver in vitro is 
reversed by menthol, as has been observed in 


other animal species. 
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Recent studies (1-3) have provided evidence 
that a humoral substance secreted by the kidney 
leads to the hypersecretion of aldosterone which 
occurs after acute hemorrhage, during chronic Na 
depletion and during chronic thoracic caval con- 
striction. In subsequent preliminary reports, it 
has been demonstrated that an aldosterone-stimu- 
lating factor is present only in the renin fraction 
of kidney extracts (4), and that infusions of both 
renin and angiotensin II result in increased aldo- 
sterone output in the dog (5). These findings are 
consistent with the work of several groups of in- 
vestigators (6-12), recently summarized by To- 
bian (13, 14), which suggests that the renin- 
angiotensin II system plays an important role in 
the regulation of aldosterone secretion. 

The present series of experiments was designed 
to test the hypothesis that aldosterone secretion is 
regulated by the renin-angiotensin II system. In 
the first two experiments the effects of infusions of 
renin and of synthetic angiotensin II on the pat- 
tern of steroid secretion in dogs were studied at 
several dosage levels; at the smallest dosage level, 
angiotensin II was infused at a rate too low to 
blood 


whether the steroidogenic effects of these agents 


affect arterial pressure. To determine 
are dependent upon ACTH release, all experi- 
ments were performed in hypophysectomized ani- 
mals. In the third experiment, aldosterone and 
corcicosterone secretion rates were determined in 
conscious, unstressed dogs with experimental be- 
nign and malignant renal hypertension, and the 
relationship between the renin content of the hy- 
pertensive kidney and aldosterone output was 
examined. 


MATERIALS AND METHODS 


In Experiment I, six 16 to 20 kg mongrel dogs were 
used to study the effects of renin on steroid secretion. 


* The present experimental data were presented, in 
preliminary form, at the meeting of the Federation of 
the Societies for Experimental Biology in April, 1961. 


Each animal was anesthetized with Na_ pentobarbital 
after which hypophysectomy (transbuccal approach), bi- 
lateral nephrectomy, and right adrenolumbar vein can- 
nulation were performed. Two hours after hypophysec- 
tomy, and approximately 1 hour after nephrectomy, two 
groups of control samples of adrenal venous blood were 
collected at 30-minute intervals. All blood collected in 
these experiments was replaced immediately by homolo- 
gous transfusion. In one animal, 5 dog units of renin,’ 
prepared from dog kidney by the method of Haas and 
Goldblatt (16), was injected into a foreleg vein; imme- 
diately after the injection an infusion of renin was he- 
gun at a rate of 0.1 U per kg per minute and continued 
over the following 40 minutes. In the remaining 5 dogs 
exactly the same procedure was followed, but a smaller 
amount of renin (2.2 U as a single initial injection, fol- 
lowed by an infusion of 0.03 U per kg per minute) was 
given. At least four 10-ml samples of adrenal effluent 
were collected from 20 to 40 minutes after the onset of 
the renin infusion. In 5 of the 6 dogs, additional col- 
lections of adrenal venous blood were made 30 to 40 min- 
utes after completion of the renin infusion. 

In Experiment II the effects of angiotensin II were 
studied in twenty 15 to 20 kg animals. The dogs were 
prepared as in Experiment I, except that nephrectomy 
was performed only in the first 4 and the last 3 dogs of 
this group. After control collections of adrenal venous 
blood, angiotensin II in 5 per cent dextrose (valine-5 
hypertensin II, Ciba) infused at different 
levels. In the first 4 dogs, 20 wg of angiotensin II was 
injected rapidly into a foreleg vein and was followed by 
an infusion at a rate of 0.25 ug per kg per minute. In 4 
of the simple-hypophysectomized 2 animals, 4.0 ug of angio- 
tensin II was given as an initial injection and was fol- 


was dosage 


lowed by an infusion at a rate of 0.05 ug per kg per min- 
ute. The remaining 9 simple-hypophysectomized dogs were 
given no initial injection of angiotensin II and received 
only infusions at rates of 0.008 to 0.025 ug per kg per 
minute. The rate of infusion in each dog was slightly 
less than that which caused the minimal detectable rise 


! As defined by Goldblatt, Katz, Lewis and Richardson, 


1 dog U of renin is that amount which, when injected 
into a trained, unanesthetized, 10 to 20 kg dog, results 
in a maximal increase in mean arterial pressure of 30 
mm Hg within 3 minutes after the time of injection (15). 

2 The “simple-hypophysectomized animal” refers to the 
dog in which the anterior pituitary has been removed and 
no other physiological alteration has been made. 
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in mean arterial pressure. In addition, angiotensin II in- 
fusions at rates of 0.008 to 0.013 ug per kg per minute 
were given to 3 Na-depleted hypophysectomized-nephrec- 
tomized dogs; severe Na depletion in these dogs had been 
achieved by maintenance on a Na-free diet for 2 weeks, 
during which time each of the animals had received two 
injections of 2 ml meralluride sodium (Mercuhydrin) in- 
tramuscularly. In each of the 20 dogs, at least 4 samples 
of adrenal effluent were collected 20 to 40 minutes after 
the beginning of the angiotensin II infusion. In 2 of 
the animals which received the largest dose and 2 of the 
which intermediate dose of 


animals were 


angiotensin II, further collections of adrenal effluent were 


given the 


made 20 to 30 minutes after the completion of the angio- 
tensin I] infusion. 

In both Experiments I and II, aortic blood pressures 
indwelling 
catheters and Statham strain gage transducers and re- 
Aldosterone 
and corticosterone secretion rates were determined by 


were measured by means of polyethylene 


corded continuously on a Sanborn recorder. 


methods described previously (17), with the double iso- 
tope derivative technique of Kliman and Peterson (18). 
Silber-Porter chromogens were measured by a modifi- 
cation of the technique described by Peterson, Karrer 
and Guerra (19). 

III, 15 trained 16 to 20 kg mongrel 


All animals received (by force feeding 


In Experiment 
dogs were used. 
when necessary) a synthetic diet containing 60 mEq Na 
and 18 mEq K per day throughout the period of study. 
Control blood pressures were measured in the trained, 
unanesthetized animals by direct femoral arterial punc- 
ture with a 20 gage needle connected to a Statham strain 
gage transducer, and mean arterial pressures were deter- 
mined and recorded by a Sanborn recording system. 
After control blood pressure measurements over a 1 to 3 
week period, a Goldblatt clamp was placed on the left re- 
nal artery of each dog, by the technique of Goldblatt (20). 
Five to 10 days after left renal arterial constriction a 
In the 
last 6 dogs of the group, in an attempt to produce the ex- 


similar clamp was placed on the right renal artery. 


perimental malignant hypertensive syndrome, the degree 
of renal arterial constriction was increased to such an 
extent that the pulse in the renal artery distal to the 
Goldblatt clamp was approximately one-fourth of that 
proximal to the clamp, as determined by digital palpation. 
In 7 of the 15 animals, serum Na and K determinations 
were performed by flame photometry both during the 
control period and 4 to 14 days after application of the 
second Goldblatt clamp. At intervals varying from 3 
days to 3 weeks after the second Goldblatt clamp had 
been applied, a polyvinyl catheter was placed in the right 
adrenolumbar vein of each animal under sterile conditions, 
and three 10-ml samples of adrenal venous blood were 
obtained. 

In 9 of these 15 animals, collections of adrenal effluent 
were made daily for periods of 3 to 13 days from the con- 
scious, unstressed indwelling 
adrenal venous catheter. In one of the animals, the right 
adrenal venous catheter was removed after 2 weeks of 


daily collections. 


animal via the chronic 


In this dog blood pressure measure- 
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ments were continued over the following 8 weeks, at the 
end of which time a chronic catheter was placed in the 
left adrenolumbar vein, by the technique of Hume and 
Nelson (21); further collections of adrenal effluent were 
made daily over the following week. Each animal was 
given 3,000 USP units of heparin immediately before 
each collection of adrenal venous blood. Since several 
of the hypertensive animals bled intermittently into the 
laparotomy site for the first 2 or 3 days after surgery, 
hematocrits were determined daily throughout the period 
of study, and each animal received homologous blood 
transfusions in such quantity as was necessary to main- 
tain the hematocrit at the control level. Because of the 
well recognized effect of blood loss on steroid produc- 
tion (22, 23), aldosterone and corticosterone secretion 
rates for each dog were determined only on those days 
on which the hematocrit approximated the control level. 

Four of the ar:mals with benign renal hypertension 
were anesthetized with Na pentobarbital at intervals of 
15, 16, 60, and 90 days, respectively, after the application 
of the second Goldblatt clamp, and the kidneys were rap- 
C; care was taken to 
avoid blood loss during removal of the kidneys. The 
kidneys were also removed from 4 of the dogs with ma- 


idly removed and frozen at — 20 


lignant hypertension as soon as possible after the death 
of the animal; the interval between application of the 
second Goldblatt clamp and removal of the kidneys varied 
from 7 to 17 days in these animals. At intervals of 2 to 6 
months after freezing, the kidneys were thawed in a wa- 
ter bath at room temperature, and renin was extracted by 
a modification of the technique of Haas and Goldblatt 
(16). The modification consisted in acidifying the ex- 
tract to pH 2.75 (instead of pH 2.60), as this was the pH 
level at which the maximal yield of renin was obtained 
The pH 


expanded 


from normal dog kidneys in our laboratory. 


was determined with a model 76 Beckman 


scale pH meter. Renin extractions of both kidneys of 
one benign and one malignant hypertensive dog were al- 
ways performed simultaneously. Assays of the potency 
of each sample of renin were performed in duplicate or 
triplicate, with a modification of the technique described 
by Goldblatt and colleagues (15). The modification con- 
sisted in measuring arterial blood pressure by direct fe- 
moral arterial puncture with a 20 gage needle attached 
to a Statham strain gage transducer, and determining 
mean arterial pressure on a Sanborn recording system. 


RESULTS 


Effects of renin on steroid secretion in hypophy- 
sectomised-nephrectomized dogs 


In each animal the control aldosterone, cortico- 


sterone and Porter-Silber chromogen secretion 
rates were in the range previously observed in hy- 
dogs (1, 3) 
dog U 
of renin followed by infusion of renin at a 
OEOOLE OU 


pophysectomized-nephrectomized 
(Table I, see Figure 1). Injection of 5 
rate 
per kg per minute (Figure 1) re- 
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rABLE |! 


Effects of renin* on adrenocortical steroid secretion in hypophysectomized-ne phrectomized dogs 


Mean arterial blood 
pressuret 
Porter-Silber - 
Aldosterone Corticosterone chromogen 2 min 
secretion secretion secretion alter 
initial 
Before During Before During Betore During injectior 
g 1 ue /min P mm He 
0.001 0.006 0.01 0.05 Or 136 146 
005 O17 .16 18 ; . 82 82 
O11 037 09 73 ‘ 95 9? 
016 027 02 18 : 90 98 
004 O08 01 09 130 130 


\verage 007 019 .06 : 107 110 


* In this series of dogs an initial intravenous injection of 2.2 dog units of renin was followed by an infusion of re 


t a rate of 0.03 U/kg/minute. 
+ Values for mean arterial pressure during infusion represent average pressures during the 40-minute period of reni 
ifusion. Note that the blood pressure elevation was sustained throughout the period of renin infusion in every 


sulted in a striking increase in secretion rates tion (2-fold). Despite an increase in mean 

of each of the steroids studied; the relative in- terial pressure from 70 to 130 mm Hg, adrenal 
creases in aldosterone (4-fold) and cortico- blood flow was not altered during the renin infu 
sterone output (5-fold) were greater than the sion. During administration of the lower dose of 


increment in Porter-Silber chromogen produc- renin (2.2 U as an initial injection, followed by in- 
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fusion at a rate of 0.03 | 
dosterone secretion increased in all 5 dogs, with 
increment of 172 for the 
group: corticosterone output increased in 4 of 


per kg per minute), al- 


an average per cent 
the 5 dogs, with an average 316 per cent rise ; and 
orter-Silber chromogens increased in 3 of the 
5 dogs, with an average increment of 67 per cent. 
A slight increase in adrenal blood flow was ob- 
served in 3 of the 5 dogs during the renin infusion. 
Secretion rates of each of the steroids had de- 
creased, but had not returned to control levels, 
within 30 minutes after completion of the renin 
infusion in each of the 5 animals. In each animal 
the injection of renin resulted in a marked rise 
in mean arterial pressure, with an average increase 
of 50 mm Hg for the group of 5 dogs; the blood 
pressure remained at the elevated level through- 
After 


completion of the renin infusion, mean arterial 


out the period of renin infusion (Table I). 


pressure gradually returned to control levels over 


1 


1 15 to 30 minute period. 


40 50 
MINUTES 


60 


EFFECTS OF ANGIOTENSIN II ON ARTERIAL BLOOD PRESSURE, ALDOSTERONE 


ADRENAL BLOOD FLOW IN A HYPOPHYSEC- 


Effects of infusion of angiotensin II at three dosage 


levels 


A, High dosage level; 20 yg initially, followed 
by infusion at a rate of 0.25 pg per kg per minute 
into hypophysectomized-nephrectomized dogs. In 
crements in secretion of each of the steroids oc 
marked increases in mean arterial 


curred, and 


pressure were observed in all 4 dogs. The av 
erage aldosterone output for the group increased 
from 0.004 to 0.021 »g per minute, a 425 per cent 
increment (Figure 2 and Dogs 1-4 of Table II). 
The average corticosterone secretion rate showed 
2 and Table IT). 
Porter-Silber chromogen production in- 
Although the 


absolute increase was not so great for aldosterone 


a 33-fold rise (Figure The av 
erage 


creased 375 per cent (Table II). 


as for corticosterone, the average level of aldo 
sterone secretion during angiotensin II infusion 
was essentially the same as that observed in nor 
mal dogs stressed by laparotomy (17), whereas 


the experimental values for corticosterone (with 
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2 of Table IT) and Porter- 
Silber chromogens remained far below the aver- 


one exception, Dog 


age values observed in stressed normal dogs (17). 
In the two animals in which adrenal effluent was 
collected at intervals after completion of the angio- 
tensin II infusion, a sharp decrease in the secre- 
tion rates of all three steroids was observed within 
30 minutes. Mean arterial pressure reached a 
maximum 30 to 45 seconds after the initial in- 
jection of angiotensin II and thereafter showed a 
gradual decline throughout the period of angio- 


This bloc rd 


pressure probably reflects the progressive loss of 


tensin II infusion. slow decline in 


vigor in these hypophysectomized dogs which 
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minutes after completion of the infusion, blood 
pressure had fallen below the initial control levels 
in all animals. Adrenal blood flow was not al- 
tered by angiotensin II]; for the group of 4 dogs, 
the average adrenal blood flow was 3.4 ml per 
minute for the control period and 3.3 ml per min- 
ute during the angiotensin I] infusion. 

B. Intermediate dosage level; injection of 4 yg 
angiotensin II, followed by infusion at a rate of 
0.05 pg per kg per minute into simple-hypophy- 
sectomized dogs. Aldosterone output increased in 
3 of the 4 dogs, corticosterone production was aug- 
mented in all animals, and the Porter-Silber chro- 
mogen secretion rate increased in 3 of the 4 dogs 


were subjected to extensive surgery. 


18 20 


Within 5 


TABLE 


(Table IT). 


II 


The average increment in secretion 


Effects of angiotension II on adrenocortical steroid secretion and arterial blood pressure in dogs 


Type of 
preparation*® 


low Na-H-N 
low Na-H-N 
low Na-H-N 


Start 


Quantity of 
angiotensin II 
injected 


Infusion 


ug ug, kg/min 
20 0.250 
20 .250 
20 .250 
20 .250 


20 .250 


.050 
.050 
.050 
.050 


.050 


.025 
.021 
013 
.013 
.013 
.013 
.013 
.013 
.008 


015 
.013 
.013 
.008 


O11 


Aldosterone 
sec retiont 


Corticosterone 
secretiont 


Before 


During 


Ma, min 


0.001 
.006 
.001 
.007 


004 


.002 
.001 
.006 
012 


.005 


.014 
.002 
.004 
.003 
.030 
.003 
.004 
.007 
.003 


008 
.010 
.007 
O11 


.009 


0.018 
.010 
015 
.042 


021 


012 
.007 
008 
.024 


013 


.019 
.007 
.009 
.003 
.022 
.003 
.006 
013 
.026 


O11 
.007 
.008 
013 


.009 


Before During 
pg/min 
0.01 0.09 
.04 = =1.78 
01 a7 
01 62 


02 
05 
02 


— 
Ol 


.03 


01 
‘01 


01 


Betore 


Porter-Silber 
chromogen 
secretion 


During 


g/min 


0.03 0. 


.07 
m I 
01 


.06 


02 
05 
Lo 
.02 


.08 


12 

Al 

16 

.03 
11 


.05 10 
.08 * 
ll 04 
.03 


07 05 


Mean arterial blood 
pressure} 


30 sex 


During 


Before 


158 


117 


alter 


mm Hg 
125 
140 
205 
180 


120 
136 
140 
145 


163 
100 
155 
130 
132 


129 


111 

95 
166 
110 


124 


infusion 


* H-N, hypophysectomized-nephrectomized preparation ; S-H, simple-hypophysectomized dog ; low Na-H-N indicates 


animals which had been on a Na-free diet for 2 weeks, had been hypophysectomized for 3 days, and underwent bilateral 


nephrectomy 1 hour prior to the present acute study. 


+ Each value for aldosterone or corticosterone secretion represents the average of 2 or 3 determinations performed on 


separate samples of adrenal venous blood. 


t ‘30 sec after” refers to the maximal mean arterial pressure 30 seconds after the starting dose of angiotensin IT. 
During infusion”’ indicates the average mean arterial pressure for the 40-minute period during which the angiotensin II 


was infused. 
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rate of each of the steroids (160 per cent for al- 
dosterone, 142 per cent for corticosterone, 50 per 
cent for Porter-Silber chromogens) was less than 
that observed after the larger dose of angiotensin 
II was given to nephrectomized-hypophysecto- 
mized dogs; however, the reduction in increment 
in aldosterone secretion was not nearly so great 
as the decrease in increment in corticosterone out- 
put, and was also less than the reduction in incre- 
ment in Porter-Silber chromogen production 
(Table IT). 
rates during administration of angiotensin II at 


The increases in steroid secretion 


this dosage level were comparable in magnitude 
with the increases observed during infusion of 
renin at the rate described above. In the two ani- 
mals in which postinfusion studies were made, 
secretion rates of aldosterone and corticosterone 
had decreased but had not returned to control 
levels within 20 minutes after completion of the 
angiotensin II infusion. Infusion of angiotensin IT 
at this dosage level resulted in increases in mean 
arterial pressure in all animals, but the initial 
increases were not so marked as during adminis- 
tration of the larger dose to hypophysectomized- 
nephrectomized dogs, and the elevations of ar- 
terial pressure were not maintained throughout 
the period of study (Dogs 5-8, Table II). Adrenal 
blood flow showed no consistent changes during 
the angiotensin II infusion. 

C. Low dosage level; infusion of angiotensin IT 
at 0.008 to 0.025 yg per kg per minute. When 
angiotensin II was infused into 9 simple-hypophy- 
sectomized dogs at a rate slightly less than that 
which caused the minimal detectable increase in 
mean arterial pressure (no initial injection of an- 
giotensin II was given) variable results were ob- 
tained (Dogs 9-17, Table II). Both dogs which 
received infusions at a rate of 0.025 and 0.021 pg 
per kg per minute showed increases in aldosterone 
secretion rates (Dogs 9 and 10, Table II). Of 
the 7 dogs given infusions at rates of 0.008 to 
0.013 pg per kg per minute, three (Dogs 11, 16 
and 17) showed an increase in aldosterone, while 
5 animals (11, 13, 14, 15 and 17, Table II) re- 
sponded with increases in corticosterone output ; 
definite increases in Porter-Silber chromogen 
production occurred in 2 of the 7 dogs (14 and 
15, Table II). However, it is noteworthy that 
the animal (Dog 17, Table II), which received 
angiotensin II at the lowest rate of infusion, 
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showed unequivocal increases in both aldosterone 
and corticosterone production. For the group of 
7 dogs given angiotensin II at rates of 0.008 to 
0.013 wg per kg per minute, the increase in aldo- 
sterone production was not statistically significant 
(t, 1.32; p > 0.2), while a significant increase in 
the secretion rate of corticosterone (ft, 3.13; p< 
0.02) occurred. 
Silber chromogen output was observed at this 
dosage level (t, 1.74; p>0O.1). Mean 
blood pressure remained essentially unchanged 
(t, 0.37; p > 0.9) during the angiotensin II infu- 
Adrenal blood flow showed 


No significant change in Porter- 


arterial 


sion in these animals. 
little variation during the period of study in any 
of the 9 dogs in this group. 

Infusion of angiotensin II at rates of 0.008 to 
0.013 wg per kg per minute into 3 hypophysec- 
tomized-nephrectomized dogs, pretreated by 2 
weeks on a Na-free diet, did not affect the low basal 
rates of secretion of aldosterone, corticosterone or 
Porter-Silber chromogens in any animal (Dogs 
18-20, Table II). It should be emphasized that 
all values for aldosterone and corticosterone se- 
cretion represent the average of two or three de- 
terminations from separate collections of adrenal 
vein blood. 


Aldosterone secretion in experimental renal hy- 

pertension 

An increase in mean arterial pressure was ob- 
served in every dog within 1 week after the left 
(first) Goldblatt clamp had been placed; the av- 
erage increase in mean arterial pressure at this 
time was 26 mm Hg, with a range of 10 to 47. 
In each dog a further increase in arterial pressure 
was observed after the application of the second 
Goldblatt clamp. 
constriction of the right (second) renal artery fol- 
In the first 


The behavior of the dogs after 


lowed one of two general patterns. 
group of dogs (1-8, Table III), each animal, de- 
spite the development of sustained moderate to 


severe hypertension, continued to appear healthy 
and to eat well (with one exception, Dog 6 of 
Tables III and V, which is discussed below), and 
all animals survived until they were sacrificed to 
obtain the kidneys for renin assays; the group of 
dogs was considered to have benign renal hyper- 


tension. The second group (Dogs 9-15, Table 
IV) exhibited progressive weakness, lethargy, 


anorexia and preterminal vomiting, and died from 
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rABLE Ill 


Adrenocortical steroid secretion in dogs with experimental benign renal hypertension 


\vg. mean arterial Duration 
pressure* bilat. renal 
art 


\ldosterone Corticosterone 
Exp constrict. 


secretion secretion ontrol 


ug, min ug/min 
0.012 1.70 3 220 
018 1.62 118 180 
042 3. 199 
028 i 
O11 1.28 
065 3. 
021 
023 
\verage 028 
Normal dogs 
stressed by 0.024 
laparotomy +0.017 
n = 26 


* Values represent the average mean arterial pressures during the 4-week period after application of the seco 


) } 


Goldblatt clamp 
first Goldblatt clamp was placed 1 to 2 weeks 


+ Number of days after second Goldblatt clamp was placed. The 
before the second 
7 to 21 days after constriction of the second re- — sentially unchanged atter the development of hy 
il artery; this group of animals was considered — pertension in the 3 animals in which electrolyt 
to have malignant renal hypertension. These two determinations were made. At the time of lapa 
groups will be considered separately. rotomy the aldosterone secretion rates ranged from 
For the dogs with benign hypertension, the av- 0.011 to 0.065 pg 
6 of Table III) did the aldosterone output sig 


nificantly exceed the average value observed in 


per minute; in only one ( Dog 
crage mean arterial pressure during the 4-week 
period following constriction of the second renal 
representing a 49 per normal dogs stressed by laparotomy. The average 


artery was 192 mm Hg, 
value for the group of 8 dogs was 0.028 ng per 


cent increase over the average control value. 


Serum Na and K concentrations remained es- minute (Table IIT); this value does not differ 


rTABLE IV 


Adrenocortical steroid secretion in dogs with experimental malignant renal hypertension 


\vg. mean arterial Duratior 
pressure* bilat. renal 
art. 


\idostrone Corticosterone 
constrict.? 


secretion secretior 


day 
19 


ue min me/metr 
9 0.047 2.95 
10 053 2.26 
11 O41 2.43 
1 044 0.29 
1 066 1.78 
1 043 4.19 
1 168 2.07 


mM ON who 
mre Oe Un 


+ 


\verage 066 2.28 


Normal dogs 
stressed by 0.024 2.34 
laparotomy, +0.017 +0.84 


n = 26 


* Values represent the maximal arterial pressures observed prior to the animals’ demise 
+ Number of days after second Goldblatt clamp was placed. The first Goldblatt clamp was placed 1 to 2 weeks bef 


the second 
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ge emg 0 0 0 10 res 0 Wo 


NORMAL = NORMAL 
UNSTRESSED  D06S 
CONSCIOUS STRESSED 
DOGS BY 
(N-7)  LAPAROTOMY 
(W=26) 


CHRONIC LEFT 
| ADRENAL VENOUS 


REMOVED 


RATES MEAN ARTERIAL 


Note that the average rate 


SECRETION AND 


secretion is essentially the same as that observed in normal conscious 


dogs, and that the aldosterone output exceeds 0.010 wg per minute only on those days 


on which the simultaneous corticosterone 
level (Dog 1 of Tables III and V) 


significantly from the average aldosterone secre- 
tion rate of 0.024 + 0.017 yg per minute SD ob- 
served in 26 normal dogs stressed by laparotomy 
(t, 0.57; p>0O.5). The average corticosterone 
secretion rate for the group of 8 dogs at the time 
of laparotomy was 2.49 wg per minute, which is 
essentially the same as the average value of 2.34 

0.84 wg per minute SD observed in 26 normal 
p> 0.5). 
The mean adrenal blood flow of 4.0 ml per min- 
2.9 for 


is not 


dogs stressed by laparotomy (t, 0.57; 
ute was greater than the average value of 
normal stressed dogs, but the difference 
statistically significant (t, 1.93; p > 0.05). 

In 6 dogs of this group (1, 2, 5-8, Tables ITI 
and \) adrenal venous blood was collected at in- 
tervals over a 7 to 12 day period, via an indwel- 
animals 


ling adrenal venous catheter, while the 


were in a conscious, unstressed state. In these 
animals the average aldosterone secretion rate was 
0.007 »g per minute, a value that agrees closely 


with the average output of 0.006 + 0.002 pg per 


secretion rates are elevated above the basal 


minute reported for normal, unstressed conscious 
(24). 
rate for this same period was 0.48 yg per minute, 
which is not significantly different from the value 
of 0.29 + 0.20 wg per minute SD observed in nor- 
mal unstressed, conscious dogs (t, 1.42; p > 0.1) 
In the dog (Figure 3, Dog 1 of Tables III and V) 
in which subsequent secretion studies were made 


dogs The average corticosterone secretion 


3 months after 
blatt clamp by placing an indwelling catheter in the 
left the 
rates for corticosterone 
0.007 pg 
spectively. 
sterone secretion rate during laparotomy appeared 
to be significantly elevated (Dog 6 of Tables III 
and V), the aldosterone output remained quite 
high during the first week after placement of the 


application of the second Gold- 


adrenolumbar vein, average secretion 


aldosterone and were 
per minute and 0.29 pg per minute, re- 


In the one animal in which the aldo- 


indwelling adrenal catheter, but was consistently 
within normal limits during the second week of 


studies in the conscious animal; the corticosterone 
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secretion rate showed no significant change dur- 
ing this time (Table V ). 
of this group the aldosterone secretion rate ex- 
ceeded 0.010 wg per minute on only four occasions 
(Day 9 for Dog 2 of Table V, and Days 5, 7 and 
72 after the catheter was placed in Dog 1 of 
Table V and Figure 3). On two of the four days 
on which the aldosterone output exceeded 0.010 


In the remaining 5 dogs 


pg per minute, the simultaneous corticosterone se- 
cretion rate was greater than 1.80 pg per minute 
(Figure 3); these very high values for cortico- 
sterone output probably reflect a greater than 
basal rate of release of ACTH. It is suggested 
that the slightly higher aldosterone secretion rates 
on these days were secondary to increased ACTH 
release and did not result from increased secre- 
tion of the renal aldosterone-stimulating substance. 
The rate of corticosterone secretion during infu- 
sion of angiotensin II was considerably less than 
1.80 pg per minute during aldosterone secretion 
rates of the magnitude (0.010 to 0.015 pg per min- 
ute) observed here. 

For the group of 7 dogs (9-15, Table IV) with 
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malignant hypertension, the blood pressure in- 
creased more rapidly after constriction of the right 
(second) renal artery. The average of the maxi- 
for this 
group of dogs was 200 mm Hg, representing a 61 
No sig- 
nificant changes in serum Na and K levels were 


mal observed mean arterial pressures 


per cent increase over the control value. 


observed after the development of hypertension 
in any of the four animals in which electrolyte 
determinations were made. The explanation for 
this finding is not clear in view of the striking hy- 
peraldosteronism present. At the time of lapa- 
rotomy, aldosterone secretion rates ranged from 
0.041 to 0.168 pg per minute, with a mean aldo- 
of 0.024 + 0.017 yg per 
minute SD observed in normal dogs stressed by 
(t, 2.5; p<0.02). The 


corticosterone secretion rate was 2.28 pg per min- 


sterone secretion rate 


laparotomy average 
ute, which is essentially the same as the value of 
2.34 + 0.84 wg per minute SD observed in normal 
dogs stressed by laparotomy. 

It is noteworthy that in the two dogs in which 
the highest aldosterone secretion rates were ob- 
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RIGHT ADRENAL 


PLACED 


ALDOSTERONE AND CORTICOSTERONE SECRETION RATES AND MEAN ARTERIAL PRESSURES 
IN A DOG IN THE MALIGNANT PHASE OF EXPERIMENTAL 


RENAL HYPERTENSION. Note the marked 


hypersecretion of aldosterone during the last two days of the study, at a time when corticosterone 
production has decreased to the basal level observed in conscious normal dogs (Dog 11 of 


Tables IV and V). 
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served (Dogs 13 and 15 of Table LV), approxi- 
mately 500 ml of ascitic fluid was present at the 
A simi- 
ar observation has subsequently been made in one 


time of adrenolumbar vein cannulation. 
] 
additional animal with malignant renal hyperten- 
sion. No ascites was present in either of the first 
two animals at the time of autopsy 3 days after 
laparotomy. 

In the 4 dogs of the malignant hypertensive 
group in which adrenal effluent was collected for 
3 to 8 days from the conscious animals via the in- 
dwelling adrenal venous catheter, the average al- 
dosterone secretion rate was 0.070 pg per minute. 
lf the days on which corticosterone secretion ex- 
ceeded 0.65 pg per minute (1.e., the early post- 
yperative days on which ACTH release greatly 
exceeded basal levels, presumably as a result of 
the stress of laparotomy ) are excluded, the average 
udosterone secretion rate was 0.067 pg per min- 
ute, which represents a greater than 10-fold in- 
crease over the average value of 0.006 pg per min- 
ute observed in normal unstressed, conscious dogs. 
Figure 4 presents data on the malignant hyper- 
tensive dog from which adrenal venous samples 
were collected for the longest period of time (Dog 
11, TableIV). 


the corticosterone as well as the aldosterone se- 


Note that at the time of laparotomy 
cretion rate was elevated as a result of increased 
\CTH release secondary to the stress of surgery. 
However, during the last three days of collection, 
it a time when the animal was conscious, afebrile 
ind unstressed, corticosterone output showed a 
progressive decline to the basal levels observed 
in normal conscious dogs; during this same pe- 
riod, aldosterone secretion rate, which was always 
at least four times the value observed in normal 
conscious dogs, showed a progressive increase 
to a maximal value eight times that observed in 
observations 
were made in Dog 14 (Table V) in which aldo- 


unstressed normal dogs. Similar 
sterone secretion progressively increased to a value 
ot 0.080 pg per minute on the final day of study, 
at which time the corticosterone output had de- 
creased to a low basal level of 0.41 wg per minute. 
The presence of this very high aldosterone se- 
cretion rate, in the presence of a low basal corti- 
costerone output, indicates that the observed in- 
crement in aldosterone secretion was not de- 
pendent on increased ACTH release. 


The average renin content (the product of the 
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[ABLE VI 


Aldosterone secretion rates and renin content of kidneys 
dogs with benign and malignant hypertension 


\ldosteronc secretion 


Via in 
dwelling 
catheter 
in conscl 
ous, un- 

stressed dogs 


Renin 
content 
kidneys 


At lay 


rrotomy 


dog l 
kidne 


ug, min 


Benign hypertension 


l 0.007 19 
2 .002 38 
8 023 .004 30 
x 28 


0.012 
621 


O19 004 


Malignant hypertension 


1 044 

1. .066 .079 
1 043 .076 
bk 168 .087 


Average O80 .081 


Normal dogs 


Average 024 .006 
+ SD +.017 + .002 


15 
+7.1 
n = 26 n= 5 n= 


7 
* Dogs are numbered as in Tables ITI, 1V, and V, with 
the exception of Dog X which was an animal with benign 


renal hypertension of 2 months’ duration, on which steroid 
secretion rates were not determined. 


renin vield per gram of tissue and the total weight 
of both kidneys) of the two kidneys of the dogs 
with malignant renal hypertension was 160 dog U 
(range, 125 to 185), while the average renin con 
tent of the two kidneys of the dogs with benign 
19 to 
The difference between the be 


renal hypertension was 29 dog U, 
38; Table VI). 
nign and malignant hypertensive groups is highly 
The 


average renin content of the kidneys of the dogs 


(range, 


significant statistically (t, 7.37; p< 0.01). 


with benign hypertension was also greater than 
the renin content of the kidneys of normal dogs 
which had been maintained on the same synthetic 
diet and electrolyte intake for 5 to 10 days before 
the kidneys were removed (Table VI), but the 
difference was of borderline statistical significance 
(t, 2.66; 0.05 > p > 0.02). 


DISCUSSION 


The concept that aldosterone secretion is regu 
lated by the renin-angiotensin system is derived 
from the findings of many investigators (1-14). 
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This hypothesis was suggested by the indirect 
evidence that renin injections cause hypertrophy of 
the adrenal zona glomerulosa (6) and that the 
degree of granulation of the juxtaglomerular (JG) 
cells is directly correlated both with the amount 
of extractable renin in the kidney (9, 10, 13) and 
with the width of the adrenal zona glomerulosa 
(7, 8, 14). It has recently received strong sup- 
port from the direct demonstration that an aldo- 
sterone-stimulating factor is secreted by the kidney 
(1-3) and that aldosterone-stimulating activity 
is confined to the renin fraction of crude kidney 
extracts (4). 
the findings of many investigators in this field, 
(13, 14), has further postulated that the cells 


25: 1/26 


Tobian, after clearly summarizing 


that produce renin, the JG cells ( ), located 


in the media of the renal afferent arterioles, act 
as baroreceptors responsive to the degree of filling 
of these vessels (13, 27). On the basis of this 
hypothesis, the JG cells would respond to decreased 
stretch of the renal afferent arterioles by an in- 
crease in renin secretion with a consequent aug- 
mentation of aldosterone output, and vice versa. 
Thus, the renin-angiotensin system, which ap- 
pears to serve as a homeostatic mechanism in the 
maintenance of arterial blood pressure (28), could 
also perform a homeostatic function in the con- 
trol 
perimental results are consistent with this con- 


of aldosterone secretion. The present ex- 
cept. 

The finding that infusion of very small quan- 
tities of renin increased the secretion rate of aldo- 
sterone in the hypophysectomized-nephrectomized 
dog adds support to the theory that the renin- 
angiotensin system performs a physiological role 
in the control of aldosterone secretion. Although 
renin infusion in the present experiments resulted 
in increased production of corticosterone and 
Porter-Silber chromogens as well as aldosterone, 
the pattern of response was quite different from 
that seen during infusion of ACTH (29). 
infusion increased the rate of aldosterone secre- 
tion to levels similar to those observed during in- 
fusion of ACTH in acutely hypophysectomized 
dogs (29) and after the stress of laparotomy in 


Renin 


normal dogs (17). In marked contrast to these 
findings, the values during renin infusion for cor- 
ticosterone and Porter-Silber chromogen output 
were approximately 10 and 2 per cent, respec- 
tively, of the values observed in normal dogs 
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stressed by laparotomy (17, 24) and in hypophy- 
sectomized dogs given ACTH infusions (29). 
In fact, the secretion rates during renin infusion 
for corticosterone and Porter-Silber chromogens 
are essentially the same as the values observed in 
conscious, unstressed normal dogs with chronic 
adrenal venous catheters (24). Since it has been 
demonstrated (24) in studies on conscious dogs 
that corticosterone and Porter-Silber chromogen 
secretion rates may be low in the presence of a 
very high rate of aldosterone production (and 
presumably in the presence of increased quanti- 
ties of the aldosterone-stimulating factor produced 
by the kidney), the results from the present renin 
infusion experiments are consistent with the con- 
cept that the renal aldosterone-stimulating factor 
is identical with renin. 

The demonstration that angiotensin II also in- 
creases aldosterone output is in agreement with 
the previously reported findings of both Biron and 
associates (12) and Laragh, Angers, Kelly and 
Lieberman (11) that angiotensin II infusion con- 
sistently increases aldosterone production in man. 
The present results, obtained from hypophysec- 
tomized dogs, clearly demonstrate that angiotensin 
II increases aldosterone secretion by a non-ACTH 
mechanism, a finding that was suggested by the 
pattern of steroid secretion observed in the earlier 
studies in man (11, 12). The very marked in- 
crease in corticosterone observed in two of the 
four dogs which received the largest dose of angio- 
tensin II would at first appear inconsistent with 
the hypothesis that the renin-angiotensin system 
regulates aldosterone secretion, since a maximal 
rate of aldosterone secretion is frequently observed 
in the presence of a very low basal corticosterone 
output in experimental secondary hyperaldosteron- 
ism (24). 
tensin II at the highest dosage level almost cer- 
tainly exceeds the rate at which angiotensin II is 
It 
is entirely possible that very great increases in 


However, the rate of infusion of angio- 


released under physiological conditions (30). 


activity of the renin-angiotensin system may cause 


appreciable increases in corticosterone as well as 


aldosterone. Indeed, one recent study (3) has 
demonstrated that nephrectomy of both hypo- 
physectomized caval and hypophysectomized Na- 
depleted dogs resulted in a marked decrease in 
corticosterone as well as aldosterone secretion, and 
that infusion of extracts of renal tissue from dogs 





2038 


with secondary hyperaldosteronism increased both 
corticosterone and aldosterone production. 

The finding that the intermediate dosage of 
angiotensin II (the pressor effect of which was 
roughly equivalent to the pressor effect of the 
renin used in Experiment |) caused essentially the 
same qualitative changes in steroid secretion as 
did the renin infusion, suggests that renin exerts 
its effect on aldosterone secretion via angiotensin 
I]. It is noteworthy that the increments in corti- 
costerone (2- to 6-fold) and Porter-Silber chro- 
mogen (0- to 4-fold) production observed during 
infusion of the intermediate dosage of angiotensin 
I] are roughly comparable with the increments in 
cortisol and tetrahydrocortisol excretion (2- to 3- 
fold) noted by Genest (31) during the infusion of 
angiotensin II in man at rates that caused moder- 
ate, sustained elevations of blood pressure. As 
pointed out by this investigator, increases in this 
magnitude of 17-hydroxycorticoids and of corti- 
costerone are “small in terms of physiological sig- 
nificance” in comparison with the concomitant in- 
creases in aldosterone output that occurred during 
the angiotensin II infusion. 

The results obtained after the infusion of 0.008 
to 0.025 pg per kg per minute of angiotensin II in- 
that the 
lating dose of angiotensin II may vary appreciably 


dicate minimal effective steroid-stimu- 


from animal to animal. Responses in aldosterone 
secretion occurred in the absence of an increase 
in blood pressure but never without a slight con- 
comitant increase in corticosterone output. It 
has been reported by Genest (31), in regard to 
the response to angiotensin II infusions in man, 
that the minimal effective dose for blood pressure 
response exceeds the dose necessary to produce 
a measurable increase in aldosterone production. 
Although the present experimental data suggest 
that this situation may prevail in the dog, the pres- 
ent findings, obtained from anesthetized dogs 
which were hypophysectomized or hypophysec- 
tomized and nephrectomized, cannot be extrap- 
olated with certainty to the conscious intact ani- 
Indeed, Goldblatt (32) has pointed out that 


the blood pressure response to renin in the bar- 


mal. 


biturate-anesthetized dog is markedly decreased 
as compared with the blood pressure response in 
normal conscious dogs. 

renin and 


Since the results from infusion of 


angiotensin I] support the hypothesis that aldo- 
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sterone secretion is regulated by the renin-angio- 
tensin system, the question arises as to the na- 
Gold- 


blatt, in his classic series of studies (32) showed 


ture of the stimulus to renin production. 


that the renin content of the kidneys increased 
after bilateral renal arterial constriction; it was 
then postulated that diminished renal blood flow 
(RBF) was the immediate stimulus to renin pro- 
duction. Corcoran and Page (33) subsequently 
showed that diminished renal blood flow was not 
invariably present in animals with experimental 
renal hypertension, and suggested that diminished 
pulse pressure in the renal arterioles provided the 
stimulus to renin production in these circumstances. 
(34) 


renal 


However, later evidence indicated that in 


animals with experimental hypertension 
secondary to encapsulation of the kidney, the in- 
trarenal pulse pressure was increased rather than 
decreased. More recently Tobian (13) has pointed 
out that decreased stretch in the renal afferent 
arterioles (resulting in the clamped kidney from 
decreased renal arteriolar pressure, and in the 
encapsulated kidney from increased extrinsic pres- 
sure from the tissues surrounding the afferent ar- 
teriole) may be a common factor to both types of 
renal hypertension, and has postulated that de- 
creased stretch provides the stimulus to increased 
renin production by the juxtaglomerular cells in 
both situations. This suggestion appears consist- 
ent with available data. 

In the present experiments aldosterone secre- 
tion was increased above the normal range in only 
one of eight dogs with benign renal hypertension. 
This finding appears inconsistent with the concept 
that aldosterone secretion is regulated by the 
renin-angiotensin system, since earlier experi- 
ments indicated that increased production of renin 


is present in the majority of animals with renal 


hypertension during the first 3 months after bi- 
(16; 32, 33): 


lateral renal arterial constriction 
Two explanations for this apparent inconsistency 
present themselves. In the first place, it is pos- 
sible that increased renin secretion does not occur 
in the benign phase of experimental renal hyper- 
tension. Although increased renin content of the 
kidneys has appeared consistently to be present in 
previous studies of benign experimental and hu- 
man essential hypertension (16, 32), increased 
renin secretion by the kidney in these situations 


has not been conclusively demonstrated in either 
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man or dog (13, 36, 37). In the present dogs 
with benign experimental renal hypertension, the 
renin content of the kidneys, although greater 
that that found in normal dogs, was considerably 
lower than that observed in malignant renal hy- 
pertension. It is possible in benign experimental 
hypertension either that the hypertension is caused 
by increased sensitivity to small amounts of renin 
or that the hypertension is not solely dependent 
upon the renin-angiotensin. system. In the sec- 
ond place, it is possible that the amount of renin 
secreted by the dogs with benign experimental 
hyperteasion, although increased to a level ade- 
quate to produce and maintain hypertension, is 
not adequate to cause hypersecretion of aldoster- 
one. This latter alternative seems less likely in 
view of the previously cited findings of Genest 
(31) that angiotensin II infusion at a rate too 
low to elicit a blood pressure response augmented 
aldosterone output in man. 

In the present study the dog in the benign hy- 


pertensive group in which the greatest rate of 
(Dog 6 of 


aldosterone production was noted 
Tables III] and V) deserves special comment. 
This dog, alone among the animals in the benign 
group, appeared clinically to be developing malig- 
nant hypertension ; beginning 3 days after the sec- 
ond Goldblatt clamp was placed (one day before 
the chronic adrenal catheter was inserted), he 
showed progressive lethargy, anorexia (but no 
vomiting despite forced feeding of diet) and weight 
loss. These symptoms persisted for 7 to 8 days, 
after which gradual improvement was observed. 
The symptoms coincided with the period during 
which hypersecretion of aldosterone was observed 
in this dog (during laparotomy and on Days 1-7 
of Table V). It appears possible that both the 
malignant hypertensive symptoms and the hyper- 
secretion of aldosterone were reflections of a 
marked increase in renin secretion resulting from 
a very substantial reduction in pressure in, or flow 
through, the renal afferent arterioles; and that 
both the symptomatic improvement and the de- 
crease in aldosterone output resulted from the de- 
velopment of collateral renal arterial blood supply 
with a consequent decrease in renin production. 
In the present experiments extensive renal col- 
lateral vessels were observed within 10 days after 
application of the second Goldblatt clamp, and 
earlier studies (38) have demonstrated that re- 
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nal blood flow may return to normal prehyper- 
tensive levels within 2 to 3 weeks after moderately 
severe constriction of the renal artery of a single 
explanted kidney. 

The finding of consistent increases in aldoster- 
one secretion rate in dogs with malignant hyper- 
tension is in agreement with the similar findings 
in man by Genest (39), Laragh (40) and Venning 
(41), 


sonant with the hypothesis that the renin-angio- 


and their co-workers and is entirely con- 


tensin system performs a major role in the regu- 
lation of aldosterone secretion. The majority of 
reports indicate that renin secretion by the kid- 
neys, as well as renin content of the kidneys, is in- 
creased in the malignant phase of both human 
essential and experimental renal hypertension 
(13, 30, 35, 42). This hypothesis is further sup- 
ported by the present experimental finding that 
the renin content of the kidneys of the malignant 
hypertensive dogs, which exhibited marked hy- 
persecretion of aldosterone, was greatly increased 
over the renin content in the benign hypertensive 
dogs in which aldosterone production was only 
slightly above the normal range. 

Since the present experimental data are con- 
sistent with the hypothesis that aldosterone se- 
cretion is regulated by the renin-angiotensin sys- 
tem, the question arises as to why hypertension is 
not present in such situations as congestive heart 
failure, the post-hemorrhagic state, during thor- 
acic inferior vena caval constriction, and during 
chronic Na depletion—conditions in which hy- 
persecretion of aldosterone is a consistent finding 
(1, 3, 43). 
reported in congestive heart failure (44) and 
(45); and hyperplasia and 


Increased renin secretion has been 
after hemorrhage 
hypergranulation of the juxtaglomerular cells, 
which provide presumptive evidence of increased 
renin production (14, 46), have recently been 
found after caval constriction (47) 
and during chronic Na depletion (9). The 
explanation may be that in these situations in- 


thoracic 


creased circulating angiotensin II, with a conse- 
quent increase in total peripheral resistance, serves 
to maintain a normal blood pressure. Thus, the 
renin-angiotensin system may act as a homeostatic 
mechanism (8, 28) to maintain an adequate flow 
of blood to vital organs under these circumstances. 


Recent observations that the blood pressure re- 


sponse to angiotensin II is greatly reduced in the 
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dog during chronic Na depletion or during thoracic 
Avail- 


able data therefore appear to be uniformly con- 


caval constriction (48) support this view. 


sistent with the hypothesis that the renin-angio- 
tensin system plays an important role in the regu- 


lation of aldosterone production in a variety of 


circumstances in which hypersecretion of aldo- 
sterone is known to occur. 


SUMMARY AND CONCLUSIONS 


Infusion of renin into hypophysectomized- 
nephrectomized dogs increased the rates of secre- 
tion of aldosterone, corticosterone and Porter- 
Silber chromogens by a non-ACTH mechanism. 
Infusion of synthetic angiotensin II into hypo- 
physectomized-nephrectomized or simple-hypo- 
physectomized dogs (only anterior pituitary re- 
moved) likewise augmented the production of 
each of the steroids measured; a decrease in the 
rate of infusion of angiotensin II reduced the in- 
crement in corticosterone secretion to a_ far 
greater extent than the increment in aldosterone 
secretion. With doses of angiotensin II too small 
to elicit a blood pressure response, physiologically 
significant increases in aldosterone secretion were 
sometimes observed. At this very low dosage 
level, the increments in corticosterone output were 
quantitatively slightly greater than those of aldo- 
sterone but were at a level which usually has no 
physiological effect, and no significant changes in 
Porter-Silber chromogen production occurred. 
The renin content of the kidneys of dogs with be- 
nign renal hypertension was only slightly in- 
creased, and aldosterone secretion was within nor- 
A 10-fold increase 


in the renin content of the kidneys was observed 


mal limits in these animals. 


in dogs with malignant renal hypertension, and 


aldosterone output was markedly increased, by 


a non-ACTH mechanism, in this group of dogs. 
These data are consistent with the concept that 
the renin-angiotensin II system plays an important 
physiological role in the regulation of aldosterone 
secretion. 
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According to the countercurrent theory (1-3), 
concentration of the urine results from the move- 
ment of water from the collecting tubule into the 
hypertonic medullary interstitium. Medullary hy- 
pertonicity is generated and maintained by the 
sodium transported out of the ascending limb of 
the loop of Henle and trapped in the medulla by 
the vasa recta which form a countercurrent ex- 
changer. Consequently, the availability of sodium 
for reabsorption in the loop of Henle may assume 
a critical role in the regulation of urinary concen- 
tration. 

Various derangements in water excretion have 
been detected when the intake or renal excretion 
of sodium is altered. Patients with congestive 
heart failure, cirrhosis of the liver, and other con- 
ditions characterized by diminished sodium ex- 
cretion frequently have been reported to have im- 
paired urinary concentration in the absence of in- 
trinsic renal disease. Levinsky, Davidson and 
Berliner (4) noted that dogs maintained on a 
sodium-free diet showed decreased maximal uri- 
nary concentration. Levitt, Levy and Polimeros 
(5), however, found that salt restriction in nor- 
mal human subjects for 5 days had no effect on 
maximal urinary concentration. 

The present studies were undertaken to exam- 
ine the relationship of sodium metabolism to uri- 


nary concentrating ability by evaluating the ef- 


fects of varying sodium intake, glomerular filtra- 
tion rate (GFR), aldosterone activity, and serum 


* Supported in part by a grant from The National In- 
stitutes of Health, and in part by a grant from the Dal- 
las Heart Association. This work has been presented 
in part before the meeting of the Southern Section, Amer- 
Federation for Clinical Research, New Orleans, 
January 19, 1961, and in part before the meeting of the 
Clinical Research, Atlantic 


ican 


American Federation for 
City, April 30, 1961. 

+ Work done as a Public Health Service trainee of The 
National Institutes of Health. 


sodium concentration on renal water conservation 
in dogs, as reflected by their capacity to elaborate 
a maximally concentrated urine and to form 
es . * O2 


METHODS 


Female mongrel dogs weighing 8 to 18 kg were used. 
Each dog was tube-fed once daily an artificial diet that 
provided 4.3 mEq potassium, 1.1 g protein, 27 calories, 
When 
access to sodium was permitted, 1.5 mEq sodium per kg 


and 30 ml water per kg of body weight per day. 


body weight per day was added to the diet, whereas the 
sodium-free diet provided less than 0.02 mEq sodium per 
kg body weight per day. The amount of diet fed any 
given dog was kept constant. 

Acute experiments were performed to evaluate maxi- 
mum urinary concentrating ability and the maximum rate 
of T°H.O formation. 
the 24 hours preceding the experiment. 


Food and water were withheld for 
Two hours prior 
to study, 5 U of vasopressin (Pitressin tannate in oil) 
was administered im. At the time of the study, dogs 
were lightly anesthetized with sodium pentobarbital, and 
bladder urine was obtained at once for the determination 
of maximum urinary concentration. To measure T°H.O 
formation, 10 per cent mannitol in 5 per cent dextrose 
in water was infused intravenously at a rate of ap- 
proximately 1 ml per minute during the 20-minute equil- 
ibration period; subsequently the rate was increased 
in stepwise fashion to induce graded solute diuresis. In 
accordance with the suggestion of Giebisch and Lozano 
(6), 75 mmoles of sodium chloride was added to each L 
of mannitol infusion to minimize undue washout of papil- 
lary sodium by osmotic diuresis alone (7). To assure 
sustained maximal levels of antidiuretic hormone (ADH), 
33 mU per kg body weight vasopressin was given with 
the inulin prime at the start of the equilibration period 
and thereafter constantly infused at a rate of 50 mU per 
kg per hour in 5 per cent dextrose in water, adjusted to 
pH 5.5 with acetic acid. Inulin was infused at a con- 
Urine was allowed to 
Col- 
lection periods were terminated by air washout and man- 


stant rate of 10 mg per minute. 
drain freely from an indwelling bladder catheter. 
ual compression of the bladder. Arterial blood samples 
were drawn at midpoints of the urine collection periods 
serum and 
urine were determined on the Fiske osmometer. Inulin 
Schreiner 


into heparinized syringes. Osmolalities of 


was measured by the resorcinol method of 
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(8). Sodium and potassium were determined with an 
internal standard flame photometer. 

The effects of variations in salt intake, serum sodium 
concentration, and aldosterone on maximum urinary con- 
T°H,O formation 
vestigated in dogs treated as follows. 

A) Sodium-fed control. 
taining diet for 2 to 5 days. 

B) Sodium-restricted. 
for 3 to 9 days. 


centration and maximum were in- 


Dogs received sodium-con- 


Dogs received sodium-free diet 
C) Aldosterone and aldosterone antagonists. Dogs re- 
ceiving sodium-containing diet were given pL-aldoster- 
one! in a dose of 30 to 500 wg per kg body weight i.v. 
2 hours prior to study. Dogs receiving sodium-free diet 
for 1 week were then maintained on this diet and a spiro- 
lactone was given for an additional week. One dog was 
given SC-9420,? 100 mg orally once daily; the other five 
were given SC-11929,3 10, 20, or 100 mg i.m. once daily. 
GFR 
was raised in sodium-restricted dogs by the administra- 


D) Raising GFR during sodium restriction. 
tion of slowly released methylprednisolone (Depo-Medrol), 
50 mg i.m., every other day for 4 to 6 days, and regular 
methylprednisolone (Solu-Medrol), 40 mg i.v., 20 min- 
utes prior to onset of the study. One dog was given only 
the acute dose. 

E) Hyponatremia. 
administration of 5 U of vasopressin i.m. at 7 a.m. and 


Hyponatremia was induced by the 
4 pm. daily. These dogs received either the sodium- 
free or sodium-containing diet as indicated and were 
tube-fed additional water to make a total of 4 to 6 per 
cent of body weight per day. Studies were done in 3 to 4 
days depending on the degree of hyponatremia present. 

At least 3 days elapsed between consecutive studies in 
dog. 
diuresis in sodium-deprived dogs averaged 20 mEq, this 


any given Since obligatory sodium loss during 
amount of sodium was given to all dogs with the next 
feeding after study. Free access to water was allowed 
until 48 hours prior to study to prevent dehydration, and 
im. iron was given to prevent iron deficiency. 


CALCULATIONS 


For purposes of comparison, results are discussed in 
osmolar clearance (Cosm) 
on flow in milliliters per minute (V). Cosm is de- 
fined as Uosm/Posm X V. T°H.O refers to water reab- 
sorbed in excess of solute as measured from isosmotic 
urine, and is derived by the equation T°H,O = Cosm — 
V, after Zak, Brun and Smith (9). Slopes were ob- 
tained by the method of least squares from observations 


terms of the regression of 


made at flows between 3 and 13 ml per minute in which 


1 Kindly supplied by Dr. Robert Gaunt, Ciba Inc., Sum- 
mit, N. J. 

2 3-(3-Oxo-7a-acetylthio -178-hydroxy -4-androskn-17a- 
yl) propionic acid-y-lactone- (Aldactone). 

3 3-Oxo-9a- fluoro-118-dihydroxy -17a- pregn-4-ene-21- 
Both SC-9420 and SC-11929 
Gantt, G. D. 


carboxylic acid (K salt). 
were kindly supplied by Dr. Clarence L. 
Searle & Co., Chicago, II. 
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rauge the regression is linear. Since the slope of re- 
gression may vary widely from unity, maximum T*°H.O 
(T‘wH.O) in this report was estimated from the single 
greatest observed T°H.O corrected to 100 ml GFR 
[T°sH.O = (max T*‘H.O/GFR) X 100] rather than the 
usual value that represents the average T°H,O over the 
linear range of the regression. Since the TSH,O forma- 
tion was not constant under certain experimental con- 
ditions, an expression was devised to compare T°H.O at 
comparable urine flows corrected for variations in body 
size. 
culated as that value of T°H.O formed at a urine flow 
equal to one-half of the initial body weight in kilograms 
The point 


This expression, referred to as T‘nH.O, was cal- 


of a given dog and corrected to 100 ml GFR. 
at which the regression line of T°H.O intersected the 
isosmotic line was designated the crossover point, and 
represents the beginning of the formation of hypotonic 
All statistical analyses were done by standard 
(10). 
ment varied from 4 to 15, the usual being 6 or 7. 


urine. 
The number of periods in each experi- 
Col- 
Only studies 


methods 


lection periods usually lasted 10 minutes. 
in which GFR was relatively stable throughout are re- 
ported. 

RESULTS 


At the onset of this study, two sodium-fed 


trained dogs were studied supine and unanesthe- 


tized. Several days later they were restudied af- 
ter being anesthetized in the manner described for 


all subsequent studies. In neither dog did anes- 


Na-*ed Control 
[Na]s 153 mEq 
GFR S56 ml/min 


HYPERTONIC 
URINE 


(mi/min) 


Sosm 


HYPOTONIC 
UVRINE 


i i 
14 16 18 
(ml/min) 


8 ic 12 
Urine Flow 
Fic. 1. THE FORMATION OF T°H,O DURING MANNITOL 
DIURESIS IN A SODIUM-FED CONTROL DOG. In this and sub- 
sequent figures, Cosm and urine flow were not corrected 
to a standard GFR. Therefore, the values for T°H,O 
that can be derived from these figures are different from 
those listed in the tables, where a correction for GFR 


was made. 
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TABLE I 


The effects of varying salt intake on maximum urinary concentrating ability and 
T°H.O formation during mannitol diuresis 


Serum 


Serum 
Dog Preparation Day Na K 


GFR* 
mEq/L mEq/L ml/min 
a-fed 5 3.8 
a-free 5.2 


fed § 3.4 
free a 
a-fed 
a-free 
Ya-fed 
la-free 
a-fed 
free 
fed 


free 


-fed 
free 


fed 
free 


fed 

free 
-fed 

tree 


-fed 
free 


2Z 2% ZZ ZA Ze 


Na-fed 
Na-free 


Na-fed control 
Mean 
SD 


Na-free 
Mean § ; 46 
SD +2.! es +13 


Difference 
Mean —0.8 —14 
p > 0.500 < 0.001 


* The glomerular filtration rate (GFR) represents the mean value for all collection periods. 


all studies reported. 


t This figure represents the intersection of the regression line with the isosmotic line. 


thesia depress T°H,O formation. Nevertheless, to 
minimize possible effects of anesthesia on maximal 
urinary concentration, only bladder urine formed 
before the animals were anesthetized was used for 
this measurement. 

A. Sodium-fed control. 
under the conditions of water restriction and ex- 


Sodium-fed controls 


ogenous ADH had maximum osmotic U/P ratios 
of 4.4+ 1.1. During mannitol diuresis T°H,O 
formation progressively increased until at moderate 
urine flows maximum values were attained. TSH,O 
then remained relatively constant as urine flow was 
further increased (11). 
3 and 13 ml per minute, the regression of Cogm 
on V was linear (Figure 1). In 30 control ex- 


At urine flows between 


Maximum 
observed Derived 
TeH20 TcH:0 

( ) 
Cer 100 -ape X10 


Calculated 
point ot 
crossovert 


Maximum 
osmotic 
P ratio Slope 


ml /100 ml /100 ml/min 
ml GFR ml GFR 
5.9 Le 04 > 20 
3.5 —0.8 ; 4.3 
5. 4.2 > 20 
- 1.3 3.6 
4.4 > 20 
0.9 8.6 


20 


0.91 
1.20 
8,12 
1.07 

0.94 


0.94 
0.97 
0.99 


0.75 


0.95 
0.89 


4. J . 1.01 
+0. et. #1. +0.08 


3.5 0.88 
+0.6 2 +0.12 


—0.6 
< 0.001 


—2.3 


—3.5 —0.12 
< 0.001 <0 


| 
001 < 0.001 


GFR remained relatively constant throughout 


At this urine flow, the urine would become hypotonic. 


periments the mean slope of the regression was 
1.00 + 0.08; the T*yH,O was 4.6+1.5 ml per 
minute ; and the T°pH.O was 3.9 + 1.4 ml per min- 
ute. 
published control values in the dog (6, 12), but 
T*wH,O and maximum osmotic U/P ratios are 
lower than some others (13, 14). 


These figures are in agreement with some 


This is prob- 
ably the result of a lower protein intake in our 
animals (15, 16). 

At urine flows greater than 15 ml per minute, 
the slope decreased sharply. In no instance, how- 
ever, did a sodium-fed dog elaborate hypotonic 
urine at a urine flow less than 20 ml per minute. 
This phenomenon has been pointed out by Raisz, 
Au and Scheer (17). 
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B. Sodium restricted. Maximum urinary con- 
centration and T‘H,O formation were determined 
in 12 dogs during periods of sodium feeding and 
each 


then after salt restriction (Table I). Thus, 


dog served as its own control. Salt restriction 
resulted in a mean fall in GFR of 23 per cent 


(p < 0.001) from control values. Maximum os- 
motic U/P ratios diminished slightly (from 4.1 to 
but significantly (p< 0.001). T*yH.O, in 
contrast, fell dramatically from 4.4 to 2.1 ml per 
(p < 0.001), while T®pH,O fell from a 
control value of 4.1 to 0.6 ml per minute. The 
slope diminished from 1.0 to 0.88 (p < 0.001), 


so that frequently at moderate urine flows a hypo- 


2 
J.0) 


minute 


tonic urine resulted (Figure 2). There was no 


change in the serum concentration of either sodium 


or potassium. 


rABLI 


The effects of varying doses of exogenous aldoste 


T¢H2O formation durin 


Control 
\ldo 
\ldo 


Control 


\ldo 


Control 


\ldo 


Control 


\ldo 


Control 
Aldo 


Control 


\ldo 


Control 
\ldo 380 


Control 
\ldo 


Me: 

SD 
\ldosterone 

Mea 


SD 


Difference 
Mean 
p 
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GFR 56 mare | | 


Cosm (m1/ 


"O Na-free 6 day 
[Na]s 144 whe | 
GFR 37 ml/min | 


1 1 1 1 1 1 
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Urine Flow (ml/min ) 





THE EFFECT OF SODIUM DEPLETION ON TSH O 


FORMATION DURING MANNITOI DIURESIS 


rone on maximum urinary concentrating ability and 
g mannitol diuresis 


Calculated 
point of 


crossover 


ml /100 
ml GFR 


3.( 1.03 
0.93 
0.93 


1.00 
0.99 


1.02 
1.12 


0.94 
0.93 


0.96 
0.96 


0.95 
0.90 


0.99 
0.90 


0.95 
0.99 


3.4 3 0.98 
+-().2 -0.8 +0.04 


3.8 0.95 
t19 8 +().7 


+-().1 +0).3 d 0.3 
> 0.50 > 0.50 > 0.50 > 0.20 
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TABLE 


DURING SALT DEPRIVATION 


Ill 


The effects of blocking endogenous aldosterone activity with spirolactones on T*H:O formation 
during mannitol diuresis in sodium-depleted dogs 


Serum 


Serum 
Na 


Dog Preparation, no. of days 


Maximum 
observed 
TcH2O 
GFR 


Derived 
TeH20 
) 
GFR ae 


Calculated 
point of 
crossover 


) 
— Slope 


GFR 





nEq/L 


Na-free, 8 140 
Na-free, 15; + 


oral SC-9420, 7 133 


Na-fed control 

Na-free, 7 

Na-free, 14; + 
SC-11927, 10 mg, i 
7 

Na-fed control 

Na-free, 7 

Na-free, 14; + 
SC-11927, 10 mg, i 
7 

Na-fed control 

Na-free, 10 

Na-free, 17; + 
SC-11927, 20 mg, i 
7 


Na-fed control 

Na-free, 10 

Na-free, 16; + 
SC-11927, 20 mg, i 
6 


Na-fed control 

Na-free, 8 

Na-free, 14; + 
SC-11927, 100 mg, i.m., 
6 


C. Aldosterone and aldosterone antagonists. 
Sodium restriction is known to cause a rise in 
endogenous aldosterone secretion. If aldosterone 
caused a significant degree of sodium reabsorption 
in the proximal tubule, it might, by making less 
sodium available for reabsorption in the ascend- 
ing limb of the loop of Henle, be responsible for the 
impairment in urinary concentration observed in 
sodium deprivation. 

To examine this hypothesis, ten dogs were main- 
tained on the sodium-containing diet. Studies 
were performed after 3 to 5 days and were then 
repeated 4 to 7 days later. Two hours before the 
repeat study, 30 to 500 wg of pL-aldosterone per 
kg body weight was given i.v. The results are 
summarized in Table II. No significant changes 
in GFR, slope, T°yH.O, maximum osmotic U/P 
ratio, serum sodium and serum potassium were 


observed. One typical study is shown in Figure 


mEq/L 


ml/100 ml /100 ml/min 
ml GFR ml GFR 


Led i Be 


ml/min 


0.86 11.4 


&. 235 0.88 15.8 
i 
0.6 


0.94 
0.97 


0.64 


0.99 
0.75 


0.70 


0.99 
0.74 


0.84 


1.12 
0.81 


3. The activity of the aldosterone preparation 
was attested to by a decreased sodium excretion 
rate and an increased potassium excretion rate at 
any given urine flow when compared with the con- 
trol study in the same dog. It appeared then that 
exogenous aldosterone alone was incapable of 
diminishing T°H,O formation. 

To explore the possibility that excessive endog- 
enous aldosterone, when coupled with diminished 
filtered sodium, might still be an essential com- 
ponent in depressing T°H,O, further studies were 
Five sodium-restricted dogs displaying 
concentrating ability 


done. 


typical defective urinary 
were continued on sodium deprivation and given 
an aldosterone antagonist for 7 days. The 
sults (Table IIIT) show that by blocking 


action of aldosterone, neither T°H,O formation, 


re- 
the 


maximum urinary concentrating ability, nor GFR 
was restored to normal (Figure 4). 
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fa Na-*sed 
[Na]s 143 mEq/L 
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4 Na- Zed 
+d,l- aldosterone 
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50 g 
[Na]s 146 ‘mEq/L 


p 





1 4 1 1 
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ALDOSTERONE ACTIVITY 


EFFECT OF EXOGENOUS ON 


DURING MANNITOL DIURESIS IN A pUuRING MANNITOL 


SODIUM-FED DOG. 


It seems that the defect in renal water conser- 
vation produced by sodium restriction is not due 


to increased e 


D. Raising GFR during sodium restriction. 


ndogenous aldosterone secretion. trol levels, the 


TABLE I\ 


EFFECT 





a----4 Na- fed (Nels 142 mEg/- 
GFR 2mil/m 
“Oo ~~ free 6 da 
Na]s 143 mEq/L 
Na 56 mes/! 
herrea, tet 13 days and 
Aldosterone Antagonist 7days| 
Nols 143 mE¢/L 
GFR 52 


ml/min 


oOo 


it 





8 10 16 
Flow a 
ENDOGENOUS 


OF BLOCKING ALDO- 


witu SC-11927 on T°H.O FORMATION 
DIURESIS IN A SODIUM-DEPLETED DOG. 


In- 


asmuch as the defect in urinary concentration was 
displayed only when GFR had fallen below con- 


effect of increasing GFR in the 


The effects of increasing GFR with methylprednisolone on T*H2O formation during 


mannitol diuresis in sodium-de pleted dogs 


Maximum 
observed 
reH2O 
GFR 


x<100 


Preparation, no. of davs GFR 

ml, 100 

ml GFR 
5. 


Be 


mEq/I mEq/L ml/min 
149 


144 


Na-fed control 4.3 
Na-free, 3 
Na-free, acute 


methylprednisolone 


56 
37 


7;+ 


54 


Na-fed control 81 


Na-free, 7 

Na-free, 7; 

methylprednisolone, 
6 


+ 


Na-fed control 

Na-free, 9 

Na-free, 7; + 
methylprednisolone, 
6 


Na-fed control 
Na-free, 6 
Na-free, 9; 

methylprednisolone, 


+ 


Na-fed control 
Na-free, 14 
Na-free, 16; 

methylprednisolone, 


+ 


Derived 
T°H20 
«100 


GFR Slope 


Calculated 
point of 
crossover 
ml / 100 ml/min 
ml GFR 
4.4 
0.2 


> 20 
5.4 
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face of sodium restriction was examined. Five 
dogs, displaying the usual defect on sodium re- 
striction, were continued on the sodium-free diet 
and given methylprednisolone. In all five there 

GFR to or 
In four experiments T’yH,O 


was an elevation of above control 
levels (Table IV). 
reached values at or close to those of their controls, 
but in one the restitution was only to about half 
normal. In this animal (Dog 43), the methyl- 
prednisolone was given i.v. only 20 minutes prior 
to study, whereas in those with complete cor- 
rection it had been given for several days. One 
study is shown in Figure 5. 

Methylprednisolone was chosen as the agent to 
increase filtration rate because it has negligible 
mineralocorticoid activity. Although it has been 
postulated that glucocorticoid inhibits back diffu- 
sion of water in the renal tubule (18), this effect 
would serve only to enhance the defect rather than 


Attempts to raise GFR in the salt- 


correct it. 
deprived dogs with dextran, aminophylline, and 


glycine infusions were unsuccessful. 


FE, Hyponatremia. The defect in urinary con- 
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oO 


® 


Na- fed 

GFR SO ml/min 

2 Na-#ree 9 days 
GFR 44 ml/min 


Cosm (ml/min) 


Na-free, 
methyl prednisolone 





1/min 


i 
6 8 10 i2 . 14 | 18 
Urine Flow (ml/min) 





THE EFFECT OF RAISING GFR WITH METHYL- 


T°H.O FoRMATION 


Fie. 5. 
PREDNISOLONE ON 
DIURESIS IN A SODIUM-DEPLETED DOG, 


DURING MANNITOL 


centration during sodium deprivation appears to 
be intimately related to a reduction in GFR. 
Whether or not this is simply the consequence of 


a diminished filtered load of sodium was explored 


TABLE \ 


The effects of hyponatremia on T*H.O formation during mannitol diuresis in sodium-fed 
and sodium-de pleted dogs 


Serum Serum 
Preparation, no. of days Na kK 


mEq, 1. mEq/L 


Na-free, 8 152 4.4 

Na-free, 11; + 
vasopressin 

Na-free, 14; 4+ 
vasopressin + H.O 


149 4.3 
120 


149 
145 


Na-fed control 
Na-fed + vasopressin 
Na-fed + vasopressin 


+ HO 126 


Na-fed control 159 
Na-fed + vasopressin 
+ H.O 126 
Na-fed control 
Na-fed + vasopressin 
+ H-O 
Na-free, 4; + 


vasopressin 


Na-fed control 

Na-fed + vasopressin 
+ HO 

Na-free, 10 

Na-free, 4; + 


vasopressin 


GFR 


ml/min 


Maximum 

observed Derived 
THO \ 109! HO . 100 
GFR GFR 


Calculated 
point ot 
crossover 


Maximum, 
osmotic 
P ratio 


ml / 100 
ml GFR 


ml /100 ml/min 


ml GFR 


38 3. : ~1.5 


0.74 
0.80 


0.94 
1.10 


1.02 
1.07 
0.95 
1.05 
1.06 
0.73 
0.99 


0.98 
0.74 


0.59 
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Fic. 6 T°H,O 
EXCRETION, AND POTASSIUM EXCRETION DURING MANNITOL 


VARIATIONS IN FORMATION, SODIUM 


DIURESIS IN A DOG SODIUM-FED AND THEN SODIUM-DEPRIVED 


WITH NORMAL AND LOW LEVELS OF SERUM SODIUM. 


in another group of studies. In these studies fil- 
tered sodium was diminished by inducing hypo- 
natremia with chronic vasopressin administration 
and excess water. Filtered sodium was reduced 
13, 28, 8, and 17 per cent (average, 17 per cent) 
in these four hyponatremic dogs (Table V) com- 
pared with an average 23 per cent reduction in 
De- 


spite comparable reduction of filtered sodium dur- 


filtered sodium in the salt-restricted dogs. 


ing hyponatremia there was no change in T°H,O 
formation. In Dog 69 (Figure 6) a 17 per cent 
reduction in filtered sodium during hyponatremia 
had no effect on TSH,O formation, whereas a 10 
per cent reduction in filtered sodium during salt 
deprivation drastically reduced TSH,O formation. 
Hence it is concluded that diminished filtered so- 
dium per se does not reproduce the defect in 
T*H,O formation observed in salt-restricted dogs. 


DISCUSSION 


Sodium restriction in dogs impairs urinary con- 
centration in an unusual fashion: the ability to 
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produce maximally concentrated urine is only 


slightly impaired, whereas the formation of T’H,O 
is curtailed to the extent that hypotonic urine is 
excreted at moderate urine flows. Thus salt depri- 
vation profoundly alters the normal function of the 
renal concentrating mechanism. 

According to current concepts of urine concen- 
tration, distal tubular fluid equilibrates to iso- 
tonicity under the influence of antidiuretic hor- 
mone before entering the collecting tubule, even 
during severe mannitol diuresis (3). In the col- 
lecting tubule water is abstracted along osmotic 
gradients into the hypertonic medullary inter- 
stitium, resulting in TSH,O formation and the 
elaboration of a hypertonic urine. Any factor, 
therefore, that interferes with medullary hyper- 
tonicity will alter both the ability to produce maxi- 
mally concentrated urine and T°H.O formation. 
However, a reduction in medullary hypertonicity 
alone will not result in the formation of hypo- 
tonic urine. Since there is no convincing evidence 
that the collecting tubule is capable of reabsorbing 
solute in excess of water during either diuresis 
or antidiuresis, the excretion of a hypotonic urine 
is prima facie evidence that the fluid entering the 
collecting tubule is hypotonic.* 

A fall in medullary hypertonicity, however. 
could result in excretion of hypotonic urine if, in 
the dog (in contrast to the rat), fluid issuing from 
the distal tubule were always hypotonic. In the 
presence of ADH activity, the delivery of hy- 
potonic urine to the collecting tubule would nor- 
mally be obscured by extraction of large amounts 
of T*H,O. 
medullary hypertonicity during salt deprivation 


If this were the case, impairment of 


could in fact result in hypotonic urine in mannitol 
diuresis. Although most investigators have as- 
sumed that in the presence of ADH the fluid leav- 
ing the distal tubule is always isotonic in man, dog 
and rat, only in the rat is direct micropuncture 
The 


fact that man and dog excrete hypotonic urine in 


evidence available to establish this point (3) 


the presence of maximum antidiuretic hormone 
in certain experimental and pathological condi- 


‘Wirz (19) has published observations on six water 


diureses: the osmotic pressure of ureteral urine was 


higher than that of the distal tubule in one instance, the 
same in two instances, and slightly lower in three. In- 
deed, Gottschalk and Mylle (3) that the 
osmotic pressure of ureteral urine is higher than that of 


have shown 


the distal tubule in diabetes insipidus. 
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(4, 6, 9, 13, 16, 20-22) while the rat, in 
these same conditions, shows only decreased uri- 


tions 


nary concentration but never hypotonic urine, sug- 
gests that the equilibration of fluid in the distal tu- 
bule may vary between these species. 

If, then, in the dog hypotonic fluid were always 
entering the collecting tubule the concentrating 
defect of sodium restriction could be entirely ex- 
plained by a decrease in medullary hypertonicity. A 
possible mechanism by which sodium deprivation 
might reduce medullary hypertonicity is a_re- 
duced delivery of sodium to the loop of Henle, 
as a result of either increased proximal tubu- 
lar reabsorption due to enhanced aldosterone se- 
cretion or diminished sodium loads as a result of a 
fall in GFR. 
dogs to produce, and spirolactone in sodium-re- 


The failure of aldosterone in normal 


stricted dogs to correct the defect is strong evi- 
dence that augmented aldosterone secretion is not 
responsible for the impaired urinary concentrating 
ability. The only factor in these studies that was 
consistently related to the defect was a chronic 
reduction in GFR. The fact that administration 
of methylprednisolone to salt-restricted dogs both 
raised GFR and restored the capacity to form 
T°H,O suggests that a reduction in GFR is in 
some manner implicated in the observed defect in 
urinary concentration. 

A reduction in GFR, by diminishing the amount 
of filtered sodium, might result in impaired urinary 
concentration by reducing the delivery of sodium 
to the loop of Henle. In the hyponatremic dogs, 
however, the reduction in filtered sodium, com- 
parable in degree with that produced by sodium 
restriction, failed to impair concentrating ability. 
It therefore seems unlikely that the amount of 
filtered sodium is the determining factor. 

It is conceivable, however, that when filtered 
sodium is reduced via a lowered GFR, less so- 
dium reaches the loop of Henle than when a simi- 
lar reduction in filtered sodium is induced by hy- 
ponatremia. This possibility was examined by 
comparing the excretion of sodium and potassium 
during mannitol diuresis in hyponatremic and 
salt-restricted dogs (Figure 6). In salt-deprived 
dogs with normal serum sodium the same amount 
of sodium was excreted at any given urine flow 


as in sodium-fed dogs, suggesting that during salt 


deprivation normal amounts of sodium reach the 


loop of Henle. In contrast, sodium and_ potas- 
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sium excretion are much less at comparable urine 
The 


yotassium excretion in these dog suggests that 
db SBS 


flows in hyponatremic dogs. reduction in 
less sodium traverses the loop of Henle to reach 
the distal tubuie. Therefore, despite the fact that 
normal amounts of sodium pass through the loop 
in the sodium-deprived dogs, T®H,O formation is 
defective. On the other hand, reduced amounts 
of sodium leave the loop of Henle in both the so- 
dium-fed and sodium-depleted hyponatremic dog ; 
however, T°H,O is markedly impaired in hypona- 
tremic dogs deprived of sodium but normal in those 
that are sodium-fed. Therefore the reduction in 
GFR, that appears to be implicated in defective 
T*H.O formation in sodium deprivation, does not 
appear to mediate this defect by reducing the de- 
livery of sodium to the loop of Henle. It is not 
clear, therefore, how a reduced GFR could result 
More- 


over, the observation that the maximum osmotic 


in a decrease in medullary hypertonicity. 


U/P ratio is only slightly altered by sodium re- 
striction suggests that reduction in medullary hy- 
pertonicity is not the mechanism involved. 

If, on the other hand, the dog is like the rat 
in that distal tubular fluid normally equilibrates to 
isotonicity before entering the collecting tubule, 
no degree of impairment of medullary hypertonic- 
ity could explain the excretion of hypotonic urine, 
An al- 


ternative explanation is that sodium deprivation 


and another mechanism must be involved. 


in some ways impairs the permeability of the distal 
tubule to water and thus prevents equilibration of 
distal tubular fluid to isotonicity. Under these 
circumstances mannitol diuresis would sweep in 
creasing quantities of hypotonic fluid into the col- 
lecting tubule, thus obscuring TSH.O formation 
and resulting in excretion of hypotonic urine un- 
related to either sodium transport by the loop of 
The 


which sodium depletion could alter the permea- 


Henle or medullary tonicity. manner in 
bility of the distal tubule in this fashion is not 
clear. 

SUM MARY 


Urinary concentrating ability was studied in 
dogs before and after sodium restriction by meas- 
uring maximum urinary concentration and TSH,O 


formation during mannitol diuresis. Sodium 


deprivation resulted in a slight fall in maximum 
and a marked fall in TSH,O 


osmotic U/P ratios 
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formation so that hypotonic urine was excreted 
at moderate urine flows. This alteration in uri- 
nary concentrating ability was not due to an in- 
creased aldosterone secretion, since exogenous al- 
dosterone failed to produce it in sodium-fed dogs 
and aldosterone antagonists failed to correct it in 
sodium-deprived dogs. The defect, however, was 
always associated with a fall in glomerular filtra- 
tion rate (GFR) and was corrected by raising 
GFR in salt-restricted dogs with methylpredniso- 
lone. That diminished GFR did not produce the 
defect by decreasing the amount of sodium reach- 
ing the loop of Henle was shown by the ability of 
sodium-fed hyponatremic dogs to form normal 
T°H,O despite a reduction in sodium delivery to 


the loop of Henle to levels far below those of nor- 


monatremic sodium-deprived dogs. It is con- 
cluded that the defect in urinary concentration 
seen in sodium deprivation is due to the failure of 
distal tubular fluid to equilibrate to isotonicity 


before reaching the collecting tubule. 
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Since its discovery in 1952 (1), the thyroxine- 
binding globulin of plasma (TBG) has been the 
subject of extensive investigation designed to 
elucidate its physicochemical characteristics, al- 


terations in abnormal states, and physiological 


function. Recent reviews have summarized avail- 
able knowledge in this area (2, 3). 

The present report describes a male patient 
whose plasma appears to be virtually devoid of 
ab- 
afforded a 
unique opportunity to assess further the role of 


thyroxine binding by TBG. This unusual 


normality, fortuitously discovered, 
TBG in regu!ating the peripheral metabolism of 
the thyroid hormone. A number of physiological 
studies was therefore performed in this patient, 


While these 


studies were in progress, clinical features of a 


and the results are reported herein. 


male patient with a similar thyroxine-binding ab- 
normality were reported by Tanaka and Starr 
(4). 
ances currently described were also present in the 
earlier case and that both patients are affected by 
the same distinct, though rare, disorder in plasma 


It is likely that the physiological disturb- 


protein metabolism. 


CASE HISTORY 


History. ¥.B., a 58 year old unmarried white male, 
was admitted to the Harvard Medical Service of the 
Boston City Hospital on September 14, 1958. His chief 
complaint at that time was increasingly severe exertional 
dyspnea, orthopnea, and episodes of paroxysmal nocturnal 


dyspnea of 2 years’ duration. He had taken digitalis ir- 


* This investigation was supported in part by Research 
Grant A-267 from the National Institute of Arthritis and 
Metabolic Diseases, and in part by the Medical Research 
and Development Board, Office of The Surgeon Gen- 
eral, Department of the Army, under Contract DA-49- 
007-MD-412. 
the American Society for Clinical Investigation, May 2, 
1960, Atlantic City, N. J. 

+ Investigator, Howard Hughes Medical Institute. 


Read by title at the Annual Meeting of 


regularly during that period, but had had none during the 
year prior to entry. The patient had been known to have 


a heart murmur since childhood. Symptoms of acute 


rheumatic fever were denied. The patient’s only other 
complaint was weakness of the arms and legs of 2 year’s 
duration. This was especially prominent in the distal 
musculature and was of moderate, but not incapacitating, 
severity. 

Details of early development were not readily recalled, 
but pubertal maturation apparently began at about age 14. 
At age 16 a bilateral inguinal herniorrhaphy was _ per- 
Subsequently, if not thereafter, 
development 
the patient's life, al- 


formed. immediately 


normal masculine  psychosexual ceased. 


Libido was minimal throughout 
though rare erections and nocturna! emissions occurred. 
Pubic and axillary hair remained scant, and balding did 
not take place. The patient shaved infrequently. 

There were no other symptoms referable to the endo- 
crine organs, including the thyroid, adrenals and pituitary 
gland, and no symptoms of an intracranial lesion. Re- 
view of systems was otherwise negative. 

The patient’s parents had died when he was a young 
boy; he had no siblings. He knew of no other close rela- 
tives who were alive. The patient was raised by mem- 
bers of a religious order and was living and serving as 
janitor in their institution at the time he entered the 
hospital. 

98.8 P, 100; 


physical 


R, 20; 8P, 
examination 


Physical examination. T, 
130/70. Salient 


were confined to the cardiovascular, endocrine and neu- 


features of the 


Examination of the heart revealed 
Cardiac 
The pulmonic second sound was 


romuscular systems. 
cardiomegaly and a prominent precordial heave. 
rhythm was regular. 
increased, split, and louder than the aortic second sound. 
The first sound in the mitral area was booming; there 
was no opening snap. A grade 4, harsh systolic murmur, 
radiating widely, was audible over the entire precordium, 
but was heard best in the fourth left intercostal space in 
the parasternal area. 

and reducible herniae 


Bilateral herniorrhaphy scars 


were present. Small, firm testes were felt in the scrotal 
sac. The phallus was normal in size, the prostate small 
and firm. Pubic hair was scant, the escutcheon female. 
Only a few fine strands of axillary hair were present. 
The skin was fine and smooth, typical of that associated 


with hypogonadism. Skeletal proportions were not eu- 
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nuchoid. There was a slight temporal calvietes, but no 
other balding 

There were no peripheral stigmata of hyper- or hypo- 
thyroidisn There were no pigmentary abnormalities. 
Che 


racts 


eyes were highly myopic, but there were no cata 


Visual fields were normal to gross confrontation 


There was moderate weakness of the distal muscu- 


lature of the arms and legs with atrophy of the interos- 
seous muscles. No myotonia was evident. Deep tendon 


were normal 
within normal 


reflexes and sensory examination 


Laboratory The urine and blood were 


limits puncture was normal. Serum chemis- 


tries included: urea nitrogen, 15 mg per 100 ml; glucose 
100 mg per 100 ml; calcium, 10.2 mg per 100 


3.1 mg per 100 ml; cholesterol, 210 mg 


(fasting ), 
ml; phosphorus, 
per 100 ml; 138 mEq per L; potassium, 4.1 mEq 
chloride, 104 mEq per L; CO., 25.6 mEq per L 
110 100 


ug per both 


sodium, 
per | 
and 


ug ml 


100 


Serum iron concentration was per 


iron-binding capacity 320 ml, within 


normal limits 


bone revealed no 


the 


Visual fields were within normal limits 


Skull films were normal. A survey 


abnormalities; the epiphyses of iliac crests were 


wenty 


990 


closed 


four hour urinary excretion of 17-ketosteroids was 


5 of 17-hydroxycorticoids, 43 mg (6).) Urinary 


madotropins were positive at 50 and equivocal at 100 


ise units per 24 hours (7).° 


ur hour thyroidal uptake of I™ was 28 per 


rar | 
aneea 


bound 


cent 
100 


and +4 


was 2.0 ue 


between 5 


PBI 


per 
iodine per 
complaints responded 
Mercurial di 
stud 

left 
of the 


patient’s cardiac 


vation and a low salt diet 


employed. Cardiac catheterization 


consistent with a 


septal defect. 


as persistent 


pre Ibably 


atrial 


patient's obvious hypogonadism, a thor 


evaluation was undertaken The as- 


nal PBI, 


ssibility of 


repeatedly confirmed, strongly 
hypofunction, but this 


the 


pituitary 


clearly excluded by neurological 


minations and by other endocrinological 


excretion of 
PBI and 


indices of thyroid 


the increased urinary 


The dissociation between the 


ell 


possibility of 


clinical, 


as 


abnormal binding of 


patient's plasma. This hypothesis was 


electrophoretic studies of the pa 


1 


hich revealed a virtual absence of 


Medical Laboratory, Bos 
10 to 24 mg 
24 


Bosto1 
17-ketosteroids, 


10 


values 
hydrox ycorticoids to mg per 
Gynecological-Endocrinological 
Mass 
brevity, 


will he 


at the 


Peter Bent Brigham Hospital, Boston, 


purposes of 


rBG 


present report, tor 


thyroxine-binding activity of 
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Studies of the peripheral turnover of I-labeled thy- 
roxine were then performed. Several days after these 
were complete, the left inguinal hernia became incarcer- 
At this time 


the testis was seen to be grossly atrophic and a testicular 


ated and emergency repair was performed. 


biopsy was taken. In view of the muscular weakness, a 
biopsy of the anterior tibial muscle and overlying skin 
was made. The latter 


Histologically, the testis was fibrotic, with atrophy and 


also revealed no abnormality. 


fibrous replacement of tubular elements and decrease in 


interstitial cells, consistent with chronic restriction of 


blood supply. Genetic sex was masculine, as assessed in 
both testicular and cutaneous biopsies 


When the 


administration of diethylstilbestrol, 30 mg daily, was be- 


patient’s convalescence was complete, oral 


eun. This was continued for 7 weeks. During the lat- 


ter portion of this period, the patient developed increas 
ing dyspnea, pretibial edema, marked areolar pigmenta 
tion, and pronounced tender gynecomastia. Urinary ex 
cretion of gonadotropin declined to less than 5 mouse | 
per 24 hours. Electrophoretic studies of hormonal bind 


ing in the patient's serum were performed at weekly in 


tervals during the administration of diethylstilbestrol 


During the last 10 days of this regimen, studies of the 
peripheral metabolism of labeled thyroxine were repeated 

Two months later, after clinical evidence of estrogenic 
effect had disappeared, a course of adrenocortical sup 
pressive therapy was begun. The patient was given 10.0 


mg day for a period of 6 


prednisolone + by mouth, eacl 
Under this treatment urinary 17-ketosteroids de- 
to 1.1 mg 


electrophoretic analysis of thyroxine binding 


weeks 


clined daily. Bloods were drawn weekly for 


After gradual withdrawal of corticoid therapy, a 6-week 


sodium-L-thyroxine, 0.2 mg by mouth daily, 


‘he 


medication ; 


course of 


instituted. 1 experienced no symptoms 


this PBI, 


electrophoretic findings with regard to thyroxine binding 


was patient 


from physical examination, and 


remained unaltered. Twenty-four hour thyroidal uptake of 
7 ; ] 


I“ was suppressed from its control value of 28 per cent to 
6 per cent, however 

\fter withdrawal of exogenous thyroid hormone, the 
patient remained well and has continued 
that 


responded to 


thus, save for 


one episode of congestive heart failure followed dis 
continuance of digitalis, which quickly re 
Bloods 
at intervals for electrophoretic analysis ; 


PBG 


digitalization have subsequently been obtained 


these have con 


a virtual absence of 


tinued to show 


MATERIALS AND METHODS 
Chyroxine-binding capacities of individual serum pro 
filter 


pis 


teins were determined by zonal electrophoresis in 
paper of serum enriched with variable quantities of 


labeled and stable L-thyroxine 


rBG; 


concentration 


no implications con- 


the 


to change in 


the 


referred as a 


cerning absolute ot protein are 


intended 
§118,17a,21-trihydroxy-4-pregnadiene-3,20-dione 
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I-labeled hormones (L-thyroxine, T,; 3,5,3’-L-triiodo- 


thyronine, T,; 3,5,3’-triiodothyroacetic acid, triac ; 3,5,3'5’- 
tetraiodothyroacetic acid, tetrac) obtained from a com- 
mercial source,® were 90 to 95 per cent pure, as assessed 
chromatographically, and were diluted with 1.0 per cent 
human serum albumin to a final concentration of 160 uc 
per ml immediately upon arrival. This procedure reduced 
both the degradation of labeled compounds and their ad- 
sorption to glassware. Nevertheless, labeled materials 
were not employed for studies after 1 week of storage in 
this form. 

The procedure employed in preparing samples of se- 
rum for the electrophoretic estimation of thyroxine bind- 
ing by TBG and thyroxine-binding prealbumin (TBPA) 
was as follows: 

To 6.2 ml of serum, 75 ul of I-labeled T, in human 
serum albumin was added, yielding a final concentration 
of approximately 2 wc per ml (Solution I). A 3.0-ml 
aliquot of Solution I was pipetted into a separate tube, 
and to this was added 100 ul of solution of 1.0 per cent 
human serum albumin containing 14.0 ug of stable T,. 
This yielded a solution containing 451 ug of added stable 
T, per 100 ml (Solution G). 
Solution G, and mixtures of the two were employed to 


Aliquots of Solution I, 


prepare samples containing 87, 112.5, 130, 340, 395, and 451 
ug of added stable T, per 100 ml. The three lower con- 
centrations were employed to calculate the binding ca- 
pacity of TBG and the three higher concentrations, the 
binding capacity of TBPA.® Two additional samples of 
serum containing I-labeled but no stable T, were pre- 
pared. The first, Solution A, is a mixture of equal parts 
of Solution I with fresh serum (1 uc I™ per ml) and the 
second (Solution H) a 1:10 dilution of Solution A with 
fresh serum (0.1 wc I™ per ml). In general, the specific 
activity of the I*’-labeled T, is such that these two sam- 
ples contain approximately 4 ug and 0.4 ug of added stable 
T, per 100 ml, respectively. Electrophoresis was per- 
formed in sheets of Whatman no. 3 filter paper, 22.5 x 12 
inches, large enough to accommodate the 8 separate speci- 
After buffer medium and 


blotted, filter paper sheets were placed upon a carefully 


mens. being moistened in 
ground, siliconized glass plate,? 15 inches long, 13 inches 
wide, and 1 inch thick. 


then applied in thin lines, equidistant from the ends of the 


Aliquots of serum (20 wl) were 


sheet, to areas carefully predetermined from a template. 
Usually, duplicate aliquots of serum were applied to a 
second filter-paper sheet carefully placed directly upon 
the first sheet. A minute quantity of bromphenol blue 
(BPB) was applied to each serum band to serve as a 
marker for the albumin. 


Sheets were then covered by a second glass plate, similar 


electrophoretic migration of 


5 Abbott Laboratories, Oak Ridge, Tenn. 
TBG and 
TBPA in normal serum are saturated at the concentra- 


6 Evidence that thyroxine-binding sites of 


tions indicated has been presented briefly in a previous 
report (2) 
communication. 

7 Available from the Pittsburgh Plate Glass Co., Bos- 
ton, Mass. 


and will be presented in detail in a later 
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in dimension to the first. When, as is often the case, it 
is desired to analyze an additional 8 samples upon the 
same machine, a thin glass plate (13 x 15 x \% inch) is 
placed upon the first pair of duplicate sheets. A second 


pair of sheets containing the additional samples can 


then be placed upon the thin plate and the entire ‘“sand- 
wich” covered by the second thick glass plate. To mini- 
mize evaporation, the hiatus between the top and bottom 
glass plates at the front and rear of the apparatus was 
sealed with cellophane tape. At the lateral margins of 
the plates, filter paper sheets largely filled this hiatus and 


were allowed to hang into buffer baths. Gravitational flow 


of buffer across the filter paper was eliminated by means 


of a horizontal leveling device in the buffer reservoirs. 
Buffer systems employed in the present studies were 

0.05 M (hydroxymethy1) 

methane (Tris) -maleate buffer, both at pH 8.6.8 


either veronal or a amino- 
Through 
platinum electrodes immersed in the buffer reservoirs, a 
potential of 110 was applied across the filter paper for 
a period sufficient to produce approximately a 4-inch mi- 
gration of the 
about 18 


tempts were made to cool the apparatus, as heating is 


serum albumin. This usually required 


hours at normal room temperature. No at- 
only slight under these conditions. 

When migration of proteins was sufficient, filter paper 
for radio- 
autography and subsequent staining with BPB, making 


sheets were dried. One sheet was set aside 


possible the localization of major protein components. 
The second sheet was cut into 8 strips and, except in 
the case of Sample H, radioactive scanning of individual 
electrophoretograms was performed by means of a con- 
Areas un- 


der the individual peaks were determined with an elec- 


tinuous scanner and dual-channel recorder 
tronic integrator whose output is recorded synchronously 


with the scan itself. The distribution of labeled T, was 
calculated from the recorded integral as the proportion 
of added hormone bound by each of the demonstrated 
binding proteins. The total quantity of labeled T, bound 
by each protein per unit volume of serum was calculated 
as the product of the proportion bound and the estimated 
The latter es- 
timate is derived from the total concentration of added 


total concentration of T, in the specimen. 


T, (I-labeled plus stable) plus an estimate of endoge- 
nous T,, assuming the endogenous PBI to be comprised 
Sample H divided into 
segments 0.5 cm wide; these were counted individually in 


entirely of this hormone was 
a well-type scintillation counter. 

In view of the decreased thyroxine-binding capacity of 
TBG in the present patient’s serum, samples were also 
assayed which had been enriched with both labeled and 
stable T, in a number of concentrations below the usual 
lowest enrichment with 87 ug of stable T, per 100 ml. 

The 


distinguishable groups of plasma proteins was assessed 


concentration of the major  electrophoretically 


by densitometric scanning of electrophoretic strips stained 


with BPB. 


8 Preparation of the Tris-maleate buffer has been de- 


scribed in an earlier communication (2). The final solu- 


tion is 0.073 M with respect to both Tris and maleate. 
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Thyroxine turnover studies. Analyses of the peripheral 
turnover of I*’-labeled T, in vivo were performed accord- 
ing to methods described in detail elsewhere (9). Serial 
samples of serum and complete 24-hour urinary collections 
were obtained daily for 8 to 10 days after the intravenous 

These 
Aliquots 
of urine were also subjected to a butanol extraction pro- 


administration of a tracer dose of I*’-labeled T,. 
were analyzed for their concentration of I”. 


cedure, similar to that described for serum (10), and the 


proportion of total urinary I’* present as butanol-ex- 
tractable I’ was determined. The several functions cal- 
culated and their derivations are described in the Ap- 
pendix. 

Red blood cell uptakes of I-labeled hormones. Blood 
was drawn from a single normal donor (Type O) into 
a heparinized syringe. After centrifugation, plasma was 
removed and the erythrocytes were washed 4 times in 3 
volumes of normal saline. After the final wash, suffi- 
cient normal saline was added to bring the red blood 
cell suspension to a standard hematocrit. A_ sufficient 
volume of the suspension was pipetted into a series of 13 

100 mm counting tubes to provide 0.5 ml of packed red 
blood 


late anticoagulant) from the patient and from a group of 


cells in each. Samples of fresh plasma (oxa- 
normal control subjects were enriched with 0.02 we per 
ml of I**-labeled compounds; 0.5-ml aliquots of plasma 
were pipetted into tubes containing the packed red blood 
cells. Tubes were stoppered and agitated at 37° C for 1 
hour. The radioactivity in each tube was then assessed 
directly in a well-type scintillation counter. Tubes were 
centrifuged, the plasma removed by suction and the red 
blood cells were then washed 5 times with 3 volumes of 
physiological saline solution at room temperature. Af- 
ter the last wash, 0.5 ml of saline was added to the packed 


The 


cells were resuspended, and the radioactivity in the tube 


red blood cells to bring the final volume to 1 ml. 


Was again measured. 

Red blood cell uptakes of labeled hormones were cal- 
culated as the ratio of final to initial counting rates, ex 
pressed as a per cent. All analyses were performed in 
duplicate Electrophoretic analyses of thyroxine-protein 
binding interactions in the sera studied were performed 


in all imstances 


RESULTS 


Electrophoretic analyses (Figures 1, 2; Table 


!). Repeated electrophoretic analyses of the pa- 
tient’s serum failed to reveal more than a trace of 
T, in the inter-a-globulin (TBG) area, during 
electrophoresis of serum in either the Tris-maleate 
or the veronal buffer systems.* Radioactivity in 
the TBG zone was most frequently found when 
electrophoretograms of serum enriched with only 


® Values described for thyroxine-binding by TBG and 
TBPA represent the means of those found during elec- 
trophoretic analysis of at least 3 specimens obtained dur- 


ing each treatment period. 
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0.4 pg of T, per 100 ml were cut into strips and 
counted in a well counter. Even at this concen- 
tration, however, no more than an approximate 5 
per cent of total radioactivity was localized in the 
TBG Often, both before and during ad- 
ministration of diethylstilbestrol, no TBG could 


zone. 


be demonstrated. 
mately 4.0 ng of T, per 100 ml, a small upward 


In sera enriched with approxi- 


convexity in the radioactive scan was occasionally 
This was evident on radio- 
Direct 


seen in the TBG zone. 
autographs as a faint zone of darkening. 
well counting of such strips indicated that no more 
than 2 to 3 per cent of added radioactivity was lo- 
calized with TBG. In sera enriched with higher 
concentrations of T,, no band in the TBG zone 
could be discovered. It thus appears likely that 
this patient's serum was either not completely or 
not always devoid of TBG. The binding capacity 
of TBG, when demonstrable, could not be assessed 
with any accuracy but clearly seemed no more 
than a small fraction of 1 pg of T, per 100 ml of 
serum. 

Thyroxine-binding by TBPA was evident in all 
specimens subjected to electrophoresis in the Tris- 
maleate buffer system, The thyroxine-binding ca- 
pacity of TBPA was usually near the normal mean 


of approximately 120 pg of T, per 100 ml of serum 


POST-OPERATIVE 
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THE EFFECT OF INGUINAL HERNIORRHAPHY 
DIETHYLSTILBESTROL ON 
PATIENT 
(TBG). 
surgery. 


BINDING OF THY- 


DECREASED 


THE 
WITH 
Postoperative 


ROXINE IN SERUM OF A 


THYROXINE-BINDING 


THE 
GLOBULIN 
obtained 


serum obtained 2 days after Serum 


during therapy (obtained after 5 weeks of treatment 


with diethylstilbestrol, 30 mg daily, p.o.). 
are scans of I-labeled thyroxine added in the indicated 
to electrophoresis in 


Curves shown 


subjected 
The small peak seen in the 


concentrations to sera 
Tris-maleate buffer, pH 8.6. 
TBG zone during estrogenic therapy was not evident in 


other samples obtained during the same treatment period 
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(2), but varied with the patient's clinical state, de- 
clining to subnormal values during exacerbations 
of congestive heart failure or in the period fol- 
lowing emergency inguinal herniorrhaphy. <A 
zone of radioactivity corresponding in electropho- 
retic migration to that of serum albumin was the 
only other area in which added I['*'-labeled T, was 
localized. 

As previously reported (11, 12), I'*1-labeled 
triac and tetrac were bound primarily to TBPA 
and secondarily to albumin during electrophoresis 
buffers. At 
added labeled com- 


in either Tris-maleate or veronal 


standard concentrations of 
pounds, the percentile distribution of the deriva- 
tives between these two proteins in the patient's 
serum, obtained during the control state, was not 
appreciably different from normal. 

During the administration of estrogen, predni- 
solone, or sodium-L-thyroxine, appreciable or con- 
sistent differences in thyroxine binding by TBG, 
as compared with those found during the control 
state, could not be discerned; the small radioactive 


peak seen in Figure 2 was not found in other sam- 


CONTROL 
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ples obtained during the same treatment period. 
The thyroxine-binding capacity of TBPA was 
slightly reduced during administration of diethyl- 
stilbestrol, but was unaffected by treatment with 
prednisolone and L-thyroxine. 

Red blood cell uptakes of labeled hormones 
(Table 1). In vitro uptakes of labeled T, and T, 
from the patient’s plasma by red blood cells were 
greatly increased in the basal state and were not 
appreciably altered during the several treatment 
periods. The red blood cell uptake of labeled triac 
was normal during both the basal state and the 
administration of diethylstilbestrol, but under- 
went a pronounced increase during the immediate 
postoperative period. 

Thyroxine metabolism in vivo (Table I). The 
peripheral metabolism of I'*'-labeled T,, meas- 
ured while the patient was in the basal state, was 
13). Fractional rate of 
turnover of administered hormone was rapid, 23.1 


grossly abnormal (9, 


per cent per day. The T, distribution space was 
moderately increased when related to total body 


weight (0.22 L per kg), and hormonal clearance 


ESTROGEN 
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ELECTROPHORESIS 
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PERIPHERAL TURNOVER OF THYROXINE 


t% = 30 days 
TDS = 13.2 Liters 
C = 3.05 Liters 


IN A PATIENT WITH 


th = 3.5 days 
TDS = 15.7 Liters 

C= 3.11 Liters 
PBI = 2.149.% 

D = 65.3.49./Day 














THE EFFECT OF DIETHYLSTILBESTROL ON THE PROTEIN BINDING AND 


DECREASED TBG. 


Thyroxine turnover studies during estrogenic therapy begun on Day 41 of 
treatment with 30 mg of diethylstilbestrol daily, p.o. Distribution of I*”- 
labeled thyroxine (0.4 ug per 100 ml) in sera obtained during each thyroxine 
turnover study and subjected to electrophoresis in Tris-maleate buffer, pH 
8.6. The small peak of radioactivity seen in the TBG zone during estro- 
genic therapy was not evident in other samples obtained during the same 
treatment period. 
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TABLE I 


Values for several aspects of thyroid hormone economy in normal subjects and in a 
patient with idiopathic decrease in thyroxine-binding globulin * 


Function 


rhyroid I'*! uptake (% dose) 20-50 
Basal metabolic rate —15-+15 
Serum cholesterol (mg % 150-270 
Protein-bound iodine (ug %) 4.0-8.0 


Normal valuest 


Patient F.B. 


Postop 
erative 


Predni 
solone 


Diethy]l- 


stilbestrol L-thyroxine 


Control 


28 26 6 


+3 +6 +4 
210 204 198 
? 


2.0 2.1 ; 2.3 


Thyroxine turnover studies (9) 


2.0 
0.9 
0.3 
146 
16.5 
92 
9.3 


9.4 
10.6 
1.0 
508 
53.6 


rhyroxine space (TDS; L) 
lurnover rate (k; %/day) 
Clearance rate (C; L/day) 
Organic iodine pool (ETT; ug J) 
Daily hormone disposal (D; ug [/day) 
Fecal fraction (Fmax; % dose) 
Urinary fraction (Umax; % dose) 
Fecal clearance (L/day) 
Degradative clearance (L/day) 
Fecal excretion (wg //day) 
Degradation rate (ug J/day) 


6.8 


12.7 
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Hormonal binding studies / 


[BG capacity (ug thyroxine/100 ml) 18-25 

BPA capacity (ug thyroxine/100 ml) 90-160 
RBC thyroxine uptake (%) 0.6-0.9 
RBC triiodothyronine uptake (%) 5.0-8.5 


RBC triiodothyroacetic acid uptake (%) 1.2-2.1 


*For a description of functions and abbreviations shown under thyroxine turnover studies, see Appendix. 


details regarding the several treatment periods, see text. 


+ Values presented are normal range or mean + standard deviation. 


= 
120 


For 


Normal values are those presented in previous 


studies or calculated from data contained therein, and were obtained by methods similar to those employed in Patient 


F.B. 


Numbers in parentheses provide references to these sources. 


t + Indicates traces of TBG inconstantly seen, and, when demonstrable, present in concentrations too low to permit 


calculation of thyroxine-binding capacity. 


rate was greatly augmented (3.05 L per day). 
PBI, 


hormonal disposal, 61.0 wg of iodine per day, was 


Jecause of the subnormal however, total 


within normal limits. The extrathyroidal organic 
iodine pool was greatly reduced. 

Radioiodine appeared in the urine more rapidly 
than normal after administration of labeled thy- 
roxine. Butanol extractions of urine on the third, 
fourth, and fifth daily collections revealed that 3.3, 
4.6, and 4.0 per cent, respectively, of urinary I'* 
was soluble in butanol and relatively insoluble in 
aqueous alkali; these values were similar to those 
found in normal individuals (14). Calculated val- 
ues for the ultimate urinary and fecal excretion of 
[**' were 74.3 and 25.7 per cent of the adminis- 
Both 
(0.78 L per day) and degradative clearance of T, 


tered dose, respectively. fecal clearance 
(2.27 L per day) were greatly increased, but the 
daily fecal excretion rate and daily degradation 


rate were within normal limits. 


Neither the peripheral metabolism of T, nor 
the concentration of hormonal iodine in the plasma 
was significantly altered by the prolonged adminis- 
Neither 


prednisolone nor thyroid-suppressing doses of so- 


tration of large doses of diethylstilbestrol. 


dium-.-thyroxine increased the PBI. 
DISCUSSION 

There is general agreement that TBG serves as 
a rate-regulating factor in the peripheral metabo- 
lism of T,. TBG, like other proteins with which 
T, is associated, is thought to limit the concentra- 
tion of free or unbound hormone, thereby retard- 
ing its cellular penetration and decreasing the 
proportion of extrathyroidal hormone that is af- 
fixed to the cell. If, then, a constant proportion of 
the hormone within cellular confines is metabo- 
lized per unit time, the fractional rate of disposal 
of the entire peripheral pool of hormone will vary 


inversely with the binding activity of TBG (2, 3, 
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14). This hypothesis is largely based on inferen- 


tial evidence, consisting of a series of correlations 
between changes in extracellular thyroxine-TBG 
interactions and changes in the metabolism of the 
hormone, either in vitro or in vivo. Thus, the up- 
take of T, by cellular systems in vitro varies in- 
versely with the concentration of TBG and directly 
with the concentration of hormone in the suspend- 
(15). Jn 
mainly required the use of pharmacological agents 


ing medium vivo correlations have 
to alter the thyroxine-binding capacity of TBG, 
associated effects on the peripheral metabolism of 
labeled Diethylstil- 


bestrol and natural estrogens, for example, in- 


T, being then determined. 


crease the binding capacity of TBG (13, 16) and 
decrease the fractional rate of turnover of the hor- 
mone (13, 17), while methyltestosterone produces 
(18). 


tions, while consistent with the major hypothesis, 


converse effects These in vivo observa- 
have not been entirely conclusive because of the 
possibility that the agents employed might directly 
affect cellular mechanisms for the disposal of hor- 
mone. This seemed especially possible in’ the 
case of diethylstilbestrol, in view of reports that 
this compound inhibits the deiodination of T, both 
by intact cellular preparations and by a partially 
purified thyroxine-deiodinase (19, 20). 

More compelling evidence in favor of the postu- 
lated function of TBG has been afforded by the 
recently described patient in whose plasma there 
was found an apparently idiopathic increase in 
TBG (21). 
by changes in the peripheral metabolism of T 


This abnormality was accompanied 
i 
similar to those fount in association with the in- 
creased TBG induced by estrogens (13). No 
gross evidence of endogenous excess of estrogens 
was evident in the male patient described. How- 
ever, values for urinary estrogens were rather 
high and those for urinary gonadotropin rather 
low. These findings, together with the familial 
nature of the disorder, raised the possibility that 
some inherited disturbance in the secretion or me- 
tabolism of estrogens may have produced the in 
crease in TBG which this patient manifested. 

In the present patient, the apparently coinci- 
dental association of testicular hypofunction with 
virtual absence of TBG in the plasma afforded an 
unusual opportunity to complement existing data 
concerning the function of TBG. In view of the 
theoretical objections to the im vivo studies de- 
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scribed above, it appeared desirable to obtain con- 
clusive evidence that the abnormality in TBG dis- 
played by this patient was not due to disturbances 
in known hormonal or metabolic factors which 
might, in themselves, influence the metabolism of 
7a 
This patient’s distinct hypogonadism excluded 
excessive secretion of normal androgens as the 
cause of decreased TBG. It appeared possible, 
however, that the patient’s abnormal testes were 
secreting an unusual, nonandrogenic steroid ca- 
pable of decreasing TBG. Apparently the ca 
pacity of certain steroids to decrease TBG is not a 
function of their androgenic potency, since nor- 
ethandrolone,.'® a_ steroid with relatively more 
anabolic than androgenic activity (22), has proved 
capable of inducing pronounced reductions in 
TBG within a period as short as 1 week (23). 
During this time fractional peripheral turnover of 
T, was accelerated, but androgenic effects were 
not evident, even in hypogonadal patients (23). 
The large doses of diethylstilbestrol administered 
to the present patient produced gynecomastia and 
edema, suppressed gonadotropin production, and 
should have been adequate to suppress any linger- 
ing function that his testes may have retained. 
Nevertheless, diethylstilbestrol failed to restore 
the binding capacity of TBG to normal, and, in- 
deed, any increase in TBG that may have been 
induced by this agent was too small to be recog- 
nized consistently during electrophoretic analyses. 

Finally, it seems unlikely that an androgen-like 
steroid of adrenocortical origin was responsible 
for the decrease in TBG, since prolonged adreno 
cortical suppression failed to influence the ab 
normality in hormonal binding. The patient with 
decreased TBG reported by Tanaka and Starr had 
a history of hepatitis and displayed abnormal 
cephalin flocculation and thymol turbidity tests. 
In the present patient there was no clinical or 
laboratory evidence of hepatic or renal disease. 
Therefore, currently recognized causes of de 
creased TBG appear to have been excluded in the 
present case. 

The abnormalities in the peripheral metabolism 
of Ty which accompanied the decrease in TBG in 
this patient were consonant with the postulated 
TBG. increased red 


function of The greatly 


10 17a@-ethyl-17-hydrox ynorandrostenone. 
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blood cell uptakes from the patient's plasma of T, 
and T,, hormones bound primarily by TBG (14), 
provided evidence that an abnormally high pro- 
portion of these hormones was unbound or “free.” 
As would therefore be expected, the T, distribution 
space was moderately increased im vivo and the 
fractional turnover of hormone was greatly ac- 
Accordingly, total hormonal clearance 
rate was markedly increased. However, the PBI 
was abnormally low, with the result that total 


celerated. 


hormonal disposal was well within the normal 
range. 

Studies of urinary I'*' and estimates of fecal 
excretion made possible an assessment of the gen- 
eral metabolic pathways by which the increased 
effected. Al- 
though fecal clearance of T, was increased several- 


fractional rate of turnover was 
fold, a finding in accord with earlier evidence that 
protein binding of Ty, limits its gastrointestinal 
excretion (24, 25), this increase accounted for 
only a small fraction of the increase in total T, 
clearance which the patient displayed. In the 
presence of an increased proportion of unbound 
hormone in the plasma, an increased renal clear- 


Nor- 


mally, however, this route of disposal contributes 


ance of T, would also be expected (14). 


so little to total hormonal clearance that an enor- 
mous increase in this function would have been 
required to contribute significantly to the ab- 
Meas- 
in the pa- 


normality in hormonal turnover (26, 27). 
urements of the butanol-extractable [’*! 
tient’s urine confirmed the relative unimportance 
of urinary excretion of T, as a factor in the uri- 
nary excretion of I'*' and in total hormonal dis- 
posal. Thus, increased hormonal turnover was 
due, in greatest part, to increased disposal of T, 
by those metabolic pathways which ultimately 
lead to hormonal deiodination. 

It seemed important to exclude the possibility 
that this patient’s subnormal PBI was not due to 
the abnormality in hormonal binding, but rather 
reflected the secretion of some thyroid hormone, 
like T,, 
a normal metabolic 
greatly to the PBI (28). 
then the metabolism of labeled T, would not have 


which, in amounts sufficient to maintain 


state, does not contribute 


If this were the case, 


accurately reflected the metabolism of endogenous 


hormone. However, if T, were indeed the major 


hormone in the patient’s plasma, then doses of 


L-thyroxine adequate to suppress endogenous thy- 


INGBAR 


PBI to 
Since they did not, it seems likely 


roid function should have restored the 
normal. 
in the present patient, as is normally the case 
(29), that T, constituted the major secretory 
product of the thyroid gland and the major con- 
stituent of the PBI. 


monal disposal were therefore validated. 


Calculated values for hor- 


The present association of normal thyroid func- 
tion and metabolic status with normal values for 
daily Ty disposal and deiodination, despite a sub- 
normal PBI, supplements previous evidence, re- 
viewed elsewhere (30), that both the secretion of 
thyrotropin and the metabolic state of the patient 
are more closely related to the quantity of hor- 
mone available to the tissues than to the total con- 
centration at which they are delivered. The con- 
centration of unbound hormone in the plasma, 
could it be readily determined, would likely con- 
stitute a better index of metabolic state than does 
the total PBI. 

The failure of diethylstilbestrol to alter the ki- 
netics of T, metabolism in this patient indicates 
that, in man, in contradistinction to certain cellu- 
lar preparations in vitro, this agent apparently 
does not directly affect the cellular degradation of 
T 


metabolism that accompany the administration of 


, It therefore follows that the changes in T, 
estrogen to patients with normal TBG are indeed 
due to the resulting increases in TBG. Further- 
more, the present findings support the belief that 
the changes in T, metabolism induced by andro- 
genic hormones are not due to a direct cellular 
effect of the androgens, but rather to the associ- 
ated decrease in TBG. Thus, the data lend con- 
siderable weight, both directly and indirectly, to 
the postulated function of TBG, described above. 
They do not, however, conclusively prove the hy- 
pothesis. Alternative interpretations of the func- 
tion of TBG in the light of the present and previ- 
ous observations concerning the metabolism of T, 
may also be envisioned (2). Furthermore, one 
cannot logically exclude the possibilty that the ab- 
normalities in T, metabolism which this patient 
displayed arose, not from the decreased TBG, but 
from unrelated abnormalities in the cellular me- 
tabolism of the hormone. 

In the absence of significant hormonal binding 
by TBG, an unusually large share of the transport 
of Ty, must devolve upon other proteins, notably 


TBPA (31). 


However, a consideration of the 
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possible physiological role of TBPA in the pres- 
ent patient, or indeed, in general, is beyond the 
scope of this report. While, in a number of cir- 
cumstances, correlated changes in thyroxine bind- 
ing by TBPA and in T, metabolism indicate that 
this protein contributes significantly to hormonal 
binding in vivo (2, 12), other evidence suggests 
that it may not, (32, 33). 
binding by TBPA seems adequate to explain several 
phenomena observed in the present studies. Thus, 


Nevertheless, hormonal 


the normal values for thyroxine binding by TBPA 
found in the patient’s serum when he was in a basal 
state correlated well with normal values for the red 
blood cell uptake of triac, since this derivative is 
primarily bound to TBPA, and not to TBG (11, 
12). 
take of triac obtained when the patient was in the 
post-operative period is probably explained by the 


Similarly, the increased red blood cell up- 


reduced hormonal binding by TBPA which oc- 
curred at that time, a change similar to that found 
previously in sera from a large number of pa- 
(34). 
Subsequent studies in a large number of patients 
have indicated that the in vitro uptake of de- 


tients with other nonthyroidal illnesses 


aminated derivatives of Ty and T, by an adsorp- 
tive particulate system varies inversely with, and 
is a convenient means of estimating, the thyroxine- 
binding capacity of TBPA (35). 

As was the case in the patient reported by 
Tanaka and Starr (4), the defect in TBG in the 
present patient was associated with no gross ab- 
normalities in the concentration of the major elec- 
trophoretically distinguishable groups of plasma 
proteins. Of the many transport functions of the 
plasma proteins only the transport of iron was 
Thus, it 
is uncertain whether the abnormality described 


assessed, and this proved to be normal. 
here is an isolated defect. In neither patient with 
this disorder has it been possible to ascertain 
whether the decrease in TBG was congenital or 
acquired, or whether it represented an inherited 


abnormality. The male patient with absent TBG 


described by Tanaka and Starr had no evidence of 


cardiac disease (4). Consequently, it is uncertain 
whether the congenital cardiac lesion in the pres- 
ent patient with decreased TBG represents a re- 
lated abnormality or merely a fortuitous associ- 
ation. 

Although the defect in the present patient has 


been referred to as a decrease in TBG, the concen- 
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tration of the protein itself was not measured. 
Conceivably, decreased hormonal binding could 
have resulted from the presence of a highly ef- 
fective inhibitor of thyroxine binding or from a 
minor structural abnormality in the protein that 
More likely, 


however, the abnormality described in this paper 


impaired the attachment of T4. 


represents, as in other dysproteinemias (36), a 
decrease in the concentration of the protein itself. 
Whether, if this be true, the virtual absence of 
TBG from this patient’s plasma is due to excessive 
destruction or defective protein synthesis, as is 
the case in agammaglobulinemia and analbumine- 
mia (36), can not be determined at present. Reso- 
lution of these and other intriguing questions con- 
cerning the function and metabolism of TBG await 


ampie supplies of the purified protein. 


SUMMARY 


1. Clinical features have been described of a 
euthyroid male patient with postoperative primary 
hypogonadism and a congenital atrial septal de-_ 
fect, whose plasma was virtually devoid of thyrox- 
ine binding by the thyroxine-binding globulin 
(TBG). 

2. Prolonged administration of large doses of 
synthetic estrogen or adrenal corticosteroid failed 
to alter significantly the binding activity of TBG, 
suggesting that the abnormality in this protein 
was not produced by an androgen of testicular or 
adrenocortical origin. 

3. This seemingly idiopathic decrease in TBG 
was associated with pronounced abnormalities in 
3oth the 
volume of distribution and fractional rate of turn- 


the peripheral metabolism of thyroxine. 


over of I'*'-labeled thyroxine were increased ; hor- 
monal clearance rate was markedly augmented. 
However, the serum protein-bound iodine was sub- 
normal, with the result that daily disposal of hor- 
mone by both excretory and degradative routes 
was within normal limits. 

4. In contrast to its action in normal individuals, 
in whom it induces an increased binding activity 
of TBG, estrogenic therapy had no significant ef- 
fect upon the concentration or peripheral turn- 
over of thyroxine in this patient. 

5. The several findings in this patient are viewed 
as consistent with the hypothesis that TBG regu- 
lates the peripheral metabolism of thyroxine by 
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limiting its cellular penetration and hence its 


peripheral metabolism and action. 


APPENDIX 


In this manuscript and Table I the following terms 
These were described in detail in 
co). 

TDS, thyroxine distribution space; the virtual volume 
which exchangeable thyroxine 


have been employed. 
an earlier communication 


of body fluids through 
would be distributed were it present throughout at the 
same concentration at which it exists in the plasma. 

PBI, concentration of hormonal iodine in the plasma, 
and, by definition, the geometrical mean concentration of 
hormonal iodine in the TDS; assumed to represent solely 
iodine in thyroxine. 

ETT, extrathyroidal thyroxine or the organic iodine 
pool; the total quantity of thyroxine within the TDS, in 
terms of its content of iodine. 

k, fractional rate of turnover of thyroxine; the pro- 
portion of ETT removed from the TDS per unit time. 

T;, thyroxine half-time; the time required for one-half 
of the ETT to be removed from the TDS. 

C, thyroxine clearance rate; the volume of plasma con- 
taining an amount of thyroxine equal to that removed 
Defined as 
(9). 


from the TDS per unit time. “volume turn- 


over, V” in an earlier communication 

D, hormonal disposal rate; the quantity of hormone re- 
moved from the TDS per unit time, in terms of its con- 
tent of iodine. 


cretion 


the proportion of D accounted for by fecal ex- 
of hormone; Umax, the proportion of D accounted 
for by urinary excretion of organic iodine and iodide re- 
leased during hormonal deiodination; fecal clearance, the 
volume of plasma that contains a quantity of hormone 
equal to that lost in the feces per unit time; degradative 
clearance, the volume of plasma containing a quantity of 
hormone equal to that removed by nonexcretory path- 
ways per unit time. As calculated, degradative clearance 
includes the renal clearance of thyroxine, but the latter 
comprises a negligible proportion of the total; fecal ex- 
cretion, the quantity of hormone excreted in the feces per 
unit time; degradation rate, the quantity of hormone 
removed by nonexcretory pathways per unit time. 
Eit=PRixies.. C=ToHSxk D=€E 
ETT Xk. T;=0.693/k. Fecal clearance = C 
Degradative clearance = C 


PBI 
Fisas- 
Usaax. 
Deg 


fecal clearance = C 
Fecal excretion = fecal clearance X PBI =D & Finax. 
radation rate = degradative clearance < PBI D — fecal 


excretion. 
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Recent reports indicate that there have been 
increasing numbers of serious infections due to 
Pseudomonas aeruginosa during the past few years 
(1-3). 


where the number of cases of bacteremic infection 


This has also been true at this hospital 


with this organism and of deaths in such cases 
has been steadily increasing since the introduction 
of potent antibacterial agents (4). Ps. aeruginosa 
has become one of the most important infectious 
agents, rivaling the staphylococcus as a cause of 
septicemia and death in patients with burns (5-7) ; 
it is being found frequently in infected surgical 
wounds (8), and outbreaks of serious and fatal 
infections with this organism have been reported 
in nurseries (9). It causes notoriously intractable 
urinary tract infections (10, 11), and it is being 
recognized as a major cause of serious and fatal 
superinfections in patients under intensive treat- 
ment with multiple or broad spectrum antibiotics 
(12-14). 
major cause of bacteremia and death in patients 
under treatment for staphylococcal infections with 
methicillin (dimethoxyphenyl penicillin) (15-17). 


Most recently it has proved to be a 


Most of the pseudomonas infections seem to arise 
in hospitals (12, 18, 19) and some studies have 
implicated inhalation of humid air (20-22) and 
contaminated water (23) as sources of isolated 
outbreaks in nurseries, but the sources of most of 
the sporadic infections within hospitals remain 
obscure. 

The use of bacteriophage typing for the char- 
acterization of strains within certain genera of 


hacteria is now well known and has had many ap- 
plications (24). 


This method, applied to strains 
of Staphylococcus aureus has proved particularly 
useful in recent for the identification of 
sources of endemic and epidemic spread of infec- 


years 


tions with this organism, particularly in nurseries 


* Aided by Grant E-23 from the National Institutes of 
Health. 


and surgical operating rooms (25-27). However, 
although phages of Ps. aeruginosa have been rec- 
ognived and studied in some detail in various lab- 
oratories, and they have been used to some extent 
for the classification of strains of this species and 
in attempts to distinguish strains from various 
sources, they have not been widely used for “typ- 
ing” strains or in the epidemiology of pseudo- 
monas infections in hospitals. For these reasons 
it seemed appropriate to explore the possible uses 
of pseudomonas phages for such purposes. 

The present paper deals with the isolation of 
pseudomonas phages from clinical sources, some 
observations on their properties, and a preliminary 
exploration of the application of these and some 
other available phages to the typing of strains of 
Ps. aeruginosa from clinical infections. Soon af- 
ter this study got under way, Gould and McLeod 
(28) reported in detail on their study, based on 
bacteriophage and serological techniques, of pseu- 
domonas infections in hospitals. Their report, 
which contains the pertinent references to previ- 
ous work bearing directly on this subject, has 
proved most valuable in the conduct of the present 
study. 


MATERIALS AND METHODS 


Bacterial strains and bacteriophages. Seven phages 
and their propagating strains (PS) were obtained from 
Type Culture ATCC (29). 
The phages had been designated 12055-B1, -B2, and -B3; 
and 12175-B1, -B2, -B3, and -B4; the propagating strain 
of Ps. aeruginosa for the first three phages was ATCC- 
12055,1 and for the other four it was ATCC-12175. All 
other 


the American Collection 


isolated in the 
bacteriology laboratory of the Boston City Hospital and 


strains of Ps. aeruginosa were 
all other phages were developed from these strains in the 
course of this study. 

The following criteria were used for identification of 
Ps. aeruginosa: motile, gram-negative rods; typical colo- 
nial morphology on 10 per cent sheep’s blood agar and 
on eosin methylene blue agar; for most, but not all, 


1 This is host C10 of Dickinson and Codd (30, 31). 
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strains a diffusible green, or, in a few, a reddish-brown 
pigment on trypticase soybean agar; pellicle formation in 
liquid media; growth at 30 to 42° C; glucose the only 
one of the commonly-used sugars fermented; and charac- 
teristic odor. In a previous study of pseudomonas strains 
reported from this laboratory (32), the formation of a 
green or brown color on Gessard’s glycerol agar was 
found to be the most reliable test for the productien of 
pyocyanin; by that criterion 103 of 110 strains were clas- 
sified as Ps. aeruginosa and 7 were considered to be atypi- 
cal strains of pseudomonas, since they failed to produce 
the pigment. 

present study. 


No such differentiation was attempted in the 


In all, 161 strains of Ps. aeruginosa were isolated and 
used in this study. Most of them were obtained from 
cultures of urine or infected wounds, some from blood, 
peritoneal exudate or cerebrospinal fluid, and occasional 
ones from specimens of feces that were negative for en- 
teric pathogens and in which the predominating coli- 
form bacilli had first been suppressed by growth in liquid 
tetrathionate medium. 

Isolation, propagation 
aeruginosa bactertophages. 


and characterization of Ps. 
The procedures were similar 
in many respects to those used by Gould and McLeod 
(28). The media used routinely were: trypticase soy 
broth 2? (TSB), 1.5 per cent trypticase soy agar > (TSA), 
and a semisolid medium consisting of equal parts TSB 
and TSA. 

Each of the phages obtained from ATCC was propa- 
gated as follows: 1 ml of a 5-hour TSB culture of the 
propagating strain was flooded on a TSA plate and the 
excess fluid removed. The plate was placed in an incu- 
bator at 37° C with the lid tilted for 25 minutes to permit 
drying, after which 1 ml of concentrated phage suspen- 
sion containing 10° to 10° phage particles was poured over 
the surface and permitted to dry again in the same man- 
ner after removing the excess fluid. The plate was cov- 
ered and incubated overnight (16 to 18 hours) at 31° C. 
The surface of the plate then appeared to be largely free 
of the bacterial lawn and had only isolated colonies, which 
usually represented phage-resistant or lysogenic mutants. 
The “bare” plate was refrigerated at — 20° to — 30° C 
for 24 to 72 hours and then thawed at room temperature, 
yielding varying amounts of clear fluid containing con- 
centrated phage, which was then harvested as the clear 
supernatant after centrifugation at 3,000 rpm for 30 to 60 
minutes. The phage suspension was heated at 58° to 
60° C for 2 hours to kill any residual bacterial cells. 
This procedure did not affect the titer of phage appreci- 
ably, thus confirming the observations of Dickinson (33). 

The titer of phage in the suspension was estimated by 
plaque counting (24) and also roughly by delivering 
single drops of 10-fold dilutions of the suspension with a 
Pasteur pipet on a dried lawn of the propagating strain. 
The plaque-counting method also permitted visualization 
of plaque morphology. The routine test dilution (RTD) 
for that phage suspension was then selected. This dif- 
fered from that employed in phage typing of staphylo- 


2 Obtained from Baltimore Biological Laboratories. 
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cocci (34) in that 10 or, more often, 100 times the high- 
est dilution giving confluent lysis was used as the RTD 


for the present study in order to permit visualization of 
various types of lysis produced by the same phage on 
different strains; this also served to reduce to some ex- 
tent the variations in the degrees of susceptibility of dif- 
ferent strains of Ps. aeruginosa to any given phage. The 
RTD for most of the phages was a 10° dilution of the 
phage suspension, but it ranged from 10° to 10° (equiva- 
lent to about 10* to 10° or more phage particles per ml by 
the plaque-counting method). 

In the isolation of new phages, advantage was taken of 
the spontaneous lysis observed in some cultures of Ps. 
aeruginosa on solid media as evidenced by the moth-eaten 
appearance of individual colonies, probably representing 
an unstable lysogenic state of that culture (temperate 
phage).* An isolated moth-eaten colony together with 
its base agar was cut out and put into TSB, which was 
then refrigerated for 48 or 72 hours at 4° C and centri- 
fuged. The supernatant was removed, heated, and used 
as a phage suspension. A lawn of each strain of Js. 
aeruginosa to be tested was then prepared on the surface 
of an agar plate and individual drops of the various phage 
suspensions were placed on this lawn. The susceptibility 
of the bacterial strain to these phages was evidenced by 
the development of clear plaques. Bacterial strains show- 
ing confluent lysis with any phage suspension were then 
When a 


found in this 


chosen as indicator and propagating strain.* 


suitable host or indicator strain was not 
manner, a bacterial lawn was flooded with the phage sus- 
pension and isolated clear plaques were then looked for 
as representing virulent phage. Phage mutants which 
had a wider host-range than their parent phages were 
sometimes derived in this manner. Each isolated plaque 
was then picked and placed in a growing 4-hour broth 
strain which had yielded the 


culture of the bacterial 


plaque. The mixture was incubated for only 6 hours, 
at which time the maximal yield of phage was obtained. 
The suspension of the lysed areas was then refrigerated 
and subsequently subjected to centrifugation, heating, 
titration, and propagation on agar plates as already de- 
scribed for the known phages. 

The “phage typing” of strains of pseudomonas was car- 
ried out essentially as with staphylococci, using a lawn 
of a 5-hour TSB culture on “checkerboard” plates on 
which a drop of RTD (as defined above) of each of the 
phages was placed. The plates were read after overnight 
incubation. 
to 30 clear plaques as ++, less than 20 clear plaques as 


Clear, confluent lysis was read as +++, 20 
+, and no lysis as —. Another type of reproducible lysis, 
best described as “turbid plaque” formation was also re- 


3 The “metallic spots” sometimes noted in pseudomonas 
cultures are morphologically different and probably do 
not represent a phage phenomenon (35). 

4 An “indicator” bacterial strain is one that is lysed by 
a particular phage but not by some others; a “propo- 


gating” strain is one that is maintained and used to pre- 
pare a stock of a particular phage (and sometimes more 


than one) to which it is susceptible. 
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corded and designated by the addition of “T” after the 
phage designation. The type or pattern of a pseudomonas 
strain was then represented by the designation of the 


phages which produced confluent, that is, +++ or 
T lysis. 

The visualization and counting of plaques was done 
with double-layered TSA plates. The base layer con- 
tained 10 ml TSA (1.5 per cent), and the surface layer 
consisted of 2 ml of semisolid agar (0.75 per cent TSA) 
containing 0.1 ml of the desired dilution of phage sus- 
pension and 0.1 ml of a 5-hour TSB culture of the propa- 
gating strain. The soft agar hardened promptly after 
being delivered over the previously hardened base layer. 
The number and morphology of the plaques were re- 
corded after overnight incubation. 

Bacterial mutants resistant to a particular phage were 
developed from a susceptible bacterial strain by flooding a 
suspension of phage on a lawn of the culture and allow- 
ing it to grow overnight. Individual phage-resistant col- 
onies were picked into TSB and grown overnight at 
37° C. The resulting culture was washed in TSB, di- 
luted, and plated so as to produce individual colonies. 
A culture from a single colony was retyped and then 
used as an indicator strain in the plaque visualization and 
counting trocedure for the phage in question in order to 
ascertain the nature and degree of the resistance of the 
mutant strain to that phage 


RESULTS 
Development of the set of typing phages. Three 
criteria were used in selecting phages for inclu- 
sion in typing set: 7) host range, as determined 
by exposure of the 161 isolates from this hospital 


rABLE 


AND MAXWELL FINLAND 


and the 2 host strains obtained from ATCC; 2) 
development of resistance to individual phages and 
tests of cross resistance to other phages; and 3) 
When two 


or more preparations of phage suspensions de- 


visualization of plaque morphology. 


rived from different sources behaved in identical 
manner with respect to these three criteria, only 
one of them was chosen for inclusion in the set 
together with the propagating strain that gave the 
best yield of that phage. The 13 distinct phages 
thus chosen are listed in Table I, which also lists 
the relevant data concerning their sources as well 
as those of their respective propagating strains. 
The phages were divided into four groups, based 
on similarities with respect to one or more of the 
three criteria. The lytic patterns produced by 
these phages on all of the propagating strains are 
shown in Table IT. 

Phage typing of clinical isolates of Ps. aerugi- 
nosa. The set of 13 phages thus selected was used 
in the “phage typing” of 161 isolates of Ps. aerugi- 
nosa obtained from various clinical sources through- 
The largest number, 49, were 


from infected urines ; 25 from infected wounds ; 22 


out the hospital. 


from sputum or tracheal aspirates; 14 from cul- 
tures of feces which, as already noted, had been 
found negative for enteric pathogens and from 
which the predominant coliform organisms had 
been eliminated by cultivation in tetrathionate 


The set of Pseudomonas aeruginosa typing phages 


Propagating strain 


Phage 


Origin* 
Phage ATCC-12055B, 
Phage ATCC-12055B,M 
BCH-165a (ear) 
ATCC-12175B, 
\TCC-12175B; 
BCH-15 (wound) 
BCH-79 (urine) 
BCH-5 (blood) 
BCH-94 (urine) 
BCH-94§ (urine) 
11 BCH-137 (urine) 
12 ATCC-12055B, 
13 ATCC-12055B.M 


SONA USE Wr 


Strain of origin 


BCH-129 brown 
BCH-30 
BCH-88& 
BCH-137 
BCH-127 
ATCC-12055 10° 
ATCC-12055 10° 


Vield, 
plaques 
per ml Size 


Plaque morphologyt 


Source Edges 


Sputum 108 Small 
Urine 108 Very large 
Mutantt 10” Very large 

10*° Large 

10% Large 
Urine 108 Medium 
Urine 107 Variable 
Urine 108 Medium 
Feces 10° Variable 
Urine 10” Medium 
Sputum 10° Medium 
Medium 
Medium 


Irreg. [5 ] 
Sharp. 
Irreg. [1] 
Sharp 
Sharp 
Sharp 


Sharp 


Irreg. 
Irreg. 
Irreg. 
Irreg. 


* Source of phage or original designation of the lysogenic donor strain of Ps. aeruginosa, the source of which is given 


in parentheses. 
All plaques were clear. 
See Figure [ ]. 


+ 
« 
+ 
+ 
§ 


This mutant phage produced clear confluent lysis. 


Mutant bacterial strain selected for resistance to phage 12175B; (which is here designated as phage 5). 
Mutant phage isolated from the same lysogenic strain of Ps. aeruginosa that yielded phage 9. 
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TABLE 


II 


Pattern of lysis of propagating strains (PS) by the set of typing phages 


Phage 


| 
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| 
| 
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| 


+ 
cat ec al = 


* Pattern based only on confluent (+++), complete (clear) lysis. 
+ T = turbid or hazy lysis, not listed in the phage pattern. 


broth; 10 from otitic exudate; 6 from blood cul- 
tures ; and the rest from other or unknown sources. 
The latter included 20 strains that had been iso- 
lated 18 or more months previously for different 
studies and had been kept frozen, whereas all of 
the others were recent isolates made after this 
study began. 

The strains were then classified according to 
the patterns of lysis with RTD of the different 
phages, separating those on which the lysis was 
confluent and clear from those yielding only turbid 
lysis. In every instance in which confluent lysis, 
clear or turbid, was produced with RTD (as here 
defined) of any given phage, the same type of 
lysis was reproduced on subcultures of the same 
strain with multiples of RTD. Both the clear and 
turbid lyses were reproduced on different occa- 
sions at least once, and the latter was reproduced 
numerous times with two strains. Moreover, the 
same pattern of both kinds of lysis was reproduced 
whenever multiple isolates of Ps. aeruginosa were 
obtained from the same or different sources in 
the same patient. A third type of lysis was ob- 
served with phage 7 when it was applied undiluted 
on certain strains. This was an irregular pattern 
of lysis with fuzzy edges which was also repro- 
ducible with subcultures of the same strains. 

The results of the phage typing of the 161 iso- 
lates are summarized in Table III, which also lists 
the sources of the strains of each phage pattern. 
From part A of this table it is seen that 78 strains 
(48.4 per cent) could be typed on the basis of the 
patterns of clear and confluent lysis, and that 19 
phage patterns of such lysis were discerned among 


the 78 strains. Included among the 78 were 2 to 


Ss 


+ 


Phage 
pattern* 


errr 
BAMA mp wN— 


x 
oe 
r 

z 

ma 


the different 


sources in each of seven patients. 


4 isolates obtained from same or 
In each of these 
patients all of the isolates produced the identical 
phage pattern; in three this was B(5/6) ; in three 
others it was B(5/7); and the isolates from the 
seventh patient all typed at B(7), each producing 
The 


proportion of strains from each source (i.e., from 


the same type of reddish-brown pigment. 


urines, wounds, and so forth) that could be typed 
on the basis of clear lysis did not differ markedly 
from that for the total of all strains except that a 
somewhat smaller proportion of those of miscel- 
laneous or unknown sources could be typed in this 
manner. Of the 29 strains in the latter category, 
only 9 (31 per cent) produced patterns of clear 
lysis. 

Part B of Table III lists the number of isolates 
from different sources that failed to produce con- 
fluent clear lysis but which yielded reproducible 
patterns of uniformly turbid lysis with RTD of 
some of these typing phages. There were 50 such 
strains and it is interesting to note that all of them 
reacted only with RTD of the four phages classi- 
Also listed as of the last 
phage pattern in part B of Table III are 16 strains 


fied here as group A. 


that yielded irregular plaques of turbid lysis with 
fuzzy edges only with the undiluted suspension of 


phage 7. A total of 65 strains (40.4 per cent) 


could be typed in this manner, and they fell into 
Multiple iso- 


nine patterns, including B(7T). 
lates of Ps. aeruginosa were obtained at different 
times from the same or different sources in four 
patients ; here again all isolates from any one pa- 
tient yielded the same phage pattern. 

In all therefore, 143, or 88.8 per cent, of the 161 
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TABLE III 


“Phage patterns” and sources of 161 clinical isolates of Ps. aeruginosa 


Number of strains isolated from: 
Sputum Others, 
or or 
Infected Infected tracheal Otitic Blood Deep unknown All 
Phage pattern urine wounds exudate Feces® exudate culture abscess source sources 


A. Patterns of confluent clear lysis with RTD 
1 


Na 


C(8/9/10) 
C(8/9/10/11 
C (9/10) 


lotal 16 14 8 4 


B. Patterns of confluent but turbid or hazy lysis with RTD 


NR & bMS bh ho 
wn WwW 
+ 


\ 
1 
\( 
\ 
A( 
A( 
\ 
A 
3 


yee NS ee bee tee ee feet 


Potal 9 


Nontypable (NT) with RTD or concentrated phages 


NI 6 | 1 1 2 
All strains 49 : 22 14 10 6 6 


* All fecal strains were from specimens negative for enteric pathogens. 

» Four separate isolates (3 from leg ulcer and 1 from urine) from one patient; 3 separate isolates (2 ear and 1 throat 
culture) from a second patient and 2 (both from wound) from a third. 

© Two separate isolates from each of 3 patients (both from urine in one, both from sputum in the second and 1 from 
urine and the other from a blood culture in the third). 

* All from separate urines obtained at different times from the same patient and each produced reddish-brown pig- 
ment 

* One from osteomyelitis, 1 from empyema. 

‘ From cerebrospinal fluid. 

* Two strains isolated from separate stools of same patient. 

Irregular plaques of turbid or hazy lysis produced only with undiluted phage. 

' Four separate isolates from one patient (1 each from urine, nephrostomy drainage, blood culture and cerebrospinal 
fluid) ; 2 isolates from different urine specimens in a second patient and 2 isolates (one from sputum and the other from a 
burn wound) in a third. 

? Two of these were separate isolates from an abdominal abscess in one patient and 2 others were from otitic exudate 
in a second patient. 
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TABLE IV 
Susceptibility of parent and phage-resistant mutant strains of Ps. aeruginosa to the set of typing phages 


Phages 


Strain of Ps. 

aeruginosa* 

BCH-63 Parent 
Mutantt 


BCH-31 Parent ast 
Mutant§ =- 


Phage 
patternT 


B(5/7) 
B(5) 


_ C (8/9/10) 
_ (C9/10) 


* Another such pair of strains, shown in Table II, consists of PS4-5 (parent) and PS3 (mutant resistant to phages 5 and 6). 


+ Confluent, clear lysis. 

t Resistant to phage 7. 

§ Resistant to phage 8. 
strains could be classified with these phages. The 
remaining 18 strains (11.2 per cent) failed to 
produce any lysis with any of the 13 phages of the 
typing set and were therefore classified as non- 
typable (NT), as shown in part C of Table IIT. 

Not shown in Table III is the distribution of 
the patients from whom the strains were obtained 
among the different hospital services and wards. 
Actually, the strains of each of the phage patterns 
were obtained from many wards and there was no 
concentration of these patients in any given part 
of the hospital. Three was the largest number of 
patients with strains of the same phage pattern 
on any one ward; they were among the 15 pa- 
tients from whom strains of B(5/6) were isolated. 
There were four wards in which two patients 
yielded strains of the same phage pattern, a dif- 
ferent phage pattern being represented in each 
ward.® 

Development of phage-resistant mutants from 
phage-susceptible bacterial strains. In the course 
of this study, isolated colonies of bacterial growth 
were sometimes observed within an area of other- 
wise clear and confluent lysis produced on the 
lawn of a strain of Ps. aeruginosa on which one of 
the phage suspensions had been placed. Sone of 
these colonies were subcultured, washed free of 
residual phage and studied for their susceptibility 
to the phages of the typing set. The results thus 
obtained with two mutant bacterial strains, re- 
sistant to the respective phages by which they were 
recognized, with their respective parent strains 
are shown in Table IV. A third pair of such 
strains was included among the propagating 
strains of the typing set of phages, namely, the 


5 These pairs of patients were, respectively, from among 
7 patients with type B(6); 15 with B(5/7); 4 with 
C(8/9/10) ; and 19 with phage pattern A(1T/2T). 


parent strain PS4—5 and the derived mutant PS3 
isolated from the area of lysis of PS4-5 produced 
with phage 5. 

From Table IV it is seen that the mutant bac- 
terial strain derived from BCH-63 after it had 
been acted on by phage 7 gave a phage pattern 
identical with that of the parent strain except for 
its failure to be lysed by that phage. Likewise, 
the phage pattern of the mutant derived from 
BCH-31 when that strain reacted with phage 8 
was identical with its parent except for its resist- 
ance to phage 8. From Table II it is seen that PS3 
which was derived from a colony within the area 
of lysis produced on PS4—5 by phage 5 was par- 
tially resistant to phage 5 and completely resistant 
to phage 6, to which PS4—5 was fully sensitive. 

Observations on the color produced by some 
strains of Ps. aeruginosa and their phage sus- 
ceptibility. Phage 7 of the present typing set is 
characterized by a rather wide host range. Among 
the 161 clinical isolates, it produced clear and 
confluent lysis in RDT of 23 strains, and irregu- 
lar and atypical lysis of 16 others when applied 
as the undiluted suspension, each type of lysis 
being reproducible in every instance. The action 
of phage 7 on the propagating strains for the typ- 
ing set of phages, however, was highly specific, 
as shown in Table II. Only its own PS (BCH- 
129), which regularly produced a diffusible red- 
dish-brown pigment on TSA, was fully susceptible 


to phage 7. The development of this phage is of 


interest. 

Early in the present study it was noted that 
strains yielding a diffusible brownish-red or brown- 
to-purple color [probably due to pyorubrin (36) ] 
were not susceptible to any of the phages originally 
ATCC. 


obtained from Only a phage derived 
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from the lysogenic yield of a clinical strain of 
Ps. aeruginosa, BCH-79, when propagated on an- 
other strain, BCH-63, produced a few plaques of 
lysis on three available strains that produced deep 
brown pigment, viz., BCH-90, -98 and -129. 
These three isolates had all been obtained from 
cultures of separate urine specimens of one pa- 
tient with chronic pyelonephritis. The plaques 
produced on BCH-129 were then propagated first 
in a growing broth culture of that bacterial strain, 
the heated supernatant was further propagated on 
TSA plates seeded with BCH-129 which was then 
selected as PS7, and the resulting phage was in- 
cluded in the typing set as phage 7. 

The sequence of events and probable mecha- 
The 


original phage yield from the brown, lysogenic 


nisms involved were somewhat as follows. 


strain BCH-79, when propagated on the green 
strain BCH-63, contained a phage mutant with a 
wider host range which included the brown iso- 
lates BCH-90, -98 and -129. After propagation 
on the BCH-129, now PS7, the 
phage (now labeled phage 7) retained its wide 


brown strain 
host range irrespective of whether it was propa- 
gated on the green BCH-63 or the brown PS/. 
Furthermore, the concentrated suspension of phage 
7 could lyse several strains of pseudomonas not 
susceptible to other phages and some of these 
strains yielded a diffusible purplish color on TSA, 
especially if the growth was allowed to stand for 


DitvuTion 10° oF PHAGE 3 on PS3. 
are clear, very large and have irregular edges. 


Fig. 1. The plaques 
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PS10. 
defined 


Fic. 2. 10 on The 


plaques are clear, of medium size, and sharply 


DituTion 10° OF PHAGE 
but of irregular outline. 


l or 2 
strains were BCH-19, -20 and -27. However, 


although the concentrated phage 7 produced ir- 


days exposed to daylight. Three such 


regular lysis, and individual plaques of varying 
size could be demonstrated by the plaque-visualt- 
zation method, repeated attempts to propagate 
phage from these plaques in growing cultures of 
strains BCH-19, -20 and -27 failed. It therefore 
seems highly probable that the irregular lysis was 
the result of a direct lethal effect of the large 
numbers of phage particles on the bacterial strains. 

The loss of color production frequently ob- 
served in some strains of Ps. aeruginosa (32, 37) 
makes the estimation of the yield of pigment an 
unstable genetic marker for these organisms. The 
ability of phage 7 to lyse both green and brown 
(red) strains is therefore of some interest. 

Observations on plaque morphology. The final 
separation of phage clones was carried out by the 
plaque-counting technique which also permitted 
visualization of the morphology of the individual 
plaques. Figures 1 and 2 illustrate the appearance 
of the plaques of two of these phages. 

The turbid® plaque was of particular interest 
and the subject of more detailed study because it 


6 The term is used here to describe the centeral lytic 


area of the plaque and does not refer to the peripheral zones 
of partial lysis, such as those shown in Figures 4 and 5. 
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Fic. 3. Ditution 107 oF PHAGE 11 AS ORIGINALLY ISO- 
LATED FROM THE PHAGE YIELD OF BCH-127 propaGATED 
ON THAT STRAIN AS AN INDICATOR. Note the three types 
of plaques: clear center with irregular edges; turbid cen- 
ter within a clear area and irregular outer borders; very 
small clear plaques. A fourth type, small and diffusely 


turbid, was also present but not seen in the photograph. 


was frequently employed, under special conditions, 
in the typing of strains of pseudomonas, as al- 
ready noted. Several possibilities were consid- 
ered to explain this variety of plaque morphology : 
1) mixed host bacterial culture; 2) lysogenic 
variants or phage-resistant mutants selected out 
of the bacterial culture during exposure to a spe- 
cific phage; 3) a mixture of phages; 4) develop- 
ment of host-range mutants of the phage; and 5) 
temperate phage with lysogenization of part of 
the host culture exposed to the phage and lysis 
of the rest of the culture by virulent phage. 

An example of an attempt to analyze the mecha- 
nism of turbid plaque formation may be cited from 
the experience with the early development of typ- 
ing phage 11. The initial phage suspension from 
which this phage was derived produced a mixture 
of clear and turbid plaques on the indicator strain 
When one 
of the clear plaques was picked and propagated on 
the same host culture, it gave rise to clear plaques 
exclusively, as shown in Figure 4. 


that was used, as shown in Figure 3. 


To rule out the possibility that a mixed cul- 
ture accounted for the turbid plaque, PS11 was 
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grown in TSB and then 10 indivdual colonies were 
picked from TSA pour plates of end-dilution of 
that culture. Each colony was grown separately 
in broth and then tested with the original phage 
suspension. Both clear and turbid plaques were 
produced on the cultures from each of the 10 
colonies in a manner similar to that depicted in 
Figure 3. However, when purified phage sus- 
pensions were prepared by propagating single 
clear plaques on each of these single colony cul- 
tures, only clear plaques resulted, and these were 
always reproducible. Likewise, phage suspensions 
derived from single turbid plaques prepared in the 
same manner always yielded turbid plaques when 


propagated on each of the single colony cultures. 
that the 
plaque morphology were not the result of a mixed 


This seems to indicate differences in 
host culture. 

When a drop of RTD of a suspension of phage 
prepared from one of the turbid plaques was used 
on a lawn of PS11, it produced confluent turbid 
lysis. A turbid section of agar was cut out of 
such a plate, inoculated into TSB, and a number 
of individual colony cultures prepared, as above. 
Each of the resulting cultures was then tested 
separately for susceptibility to the clear plaque- 
forming phage and to the phage prepared from 
the turbid plaque. All were found to be resistant 


to both varieties of phage. On the other hand, 


Fic. 4. Ditution 10° oF THE CLEAR PLAQUE VARIANT SE- 
LECTED AS PHAGE 11 WHEN GROWN wITH PSII. 





072 


when the clear plaques were cultured in TSB, they 
yielded no growth, indicating the presence of 
virulent phage exclusively, which lysed all of the 
bacterial cells within the clear plaque. 

This phenomenon of hazy plaque formation was 
noted by Dickinson (31) with her host strain C-10 
of Ps. pyocyanea which served as PS for phages 
ATCC-12055-B,, -B, and -B,. She 
that the clear plaque-forming phage was a viru- 
lent mutant of a predominantly temperate phage 
The 


temperate phage, on the other hand, produced 


concluded 


yield of a lysogenic strain of pseudomonas. 


hazy plaques capable of establishing a lysogenfe 
state in the host (indicator) strain. 

Turbid plaques could also be produced arti- 
ficially with a single virulent phage suspension 
screened against a background of a mixture of 
phage-resistant bacteria. 


phage-sensitive and 


Thus, when phage 7, which is lytic for Ps. 
aeruginosa strain BCH-63 was used to infect a 
bacterial lawn consisting of a mixture of BCH-63 
and a phage 7-resistant mutant of that strain 
(Table IV), confluent turbid plaques resulted. 
Normally, phage 7 produced only clear plaques 
on the susceptible indicator strain, BCH-63, and 
had no effect on the phage 7-resistant mutant of 
that strain. 

In the present study some of the typing phages 


rai, 
plaques and their 


Note 
irregular 


DituTion 10° oF PHAGE 1 ON 


centers of the 


Fic. 5. 
the clear 
edges. 


BOSKO POSTIC AND MAXWELL FINLAND 


DituTIOoN 10° oF PHAGE 1 ON INDICATOR STRAIN 


Fic. 6. 
BCH-138. Note the turbid centers of the plaques and com- 
pare them with the clear plaques produced by this phage 
on PS1 (Fig. 5). 


produced confluent clear plaques on their own 
propagating strains and on very few other strains, 
but 
plaques on all other susceptible bacterial host cul- 


they produced almost exclusively turbid 
tures. This was the case with phage 1 which pro- 
duced clear lysis on PS1, as shown in Figure 5, 
and on only one other clinical strain of Ps. aerugi- 
nosa, whereas it produced only turbid plaques on 
a large number of hospital strains of pseudomonas 
(Table III) as illustrated in Figure 6. This is 
probably the result of the different degrees of viru- 
lence of phage 1 for the different bacterial strains. 
Phages 2, 3 and 4 also behaved in the same manner 
as phage 1, as can be seen from parts A and B of 


Table III. 


of turbid plaque formation in the typing of clinical 


The frequent and reproducible finding 
isolates of Ps. aeruginosa by the set of typing 
phages, when used in concentrations greater than 
the minimum that produced confluent lysis on the 
PS, was the reason for selecting RTD in the man- 
ner used in this study. 

In the isolation of new phages, when a lyso- 
genic bacterial strain serving as a phage donor was 
screened alone on semisolid agar, no plaques were 
visualized. This was to be expected, since only a 
certain proportion of the bacterial cells of the 
moth-eaten colony would lyse and yield phage to 
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which the remaining cells were presumably re- 
sistant. If the moth-eaten colony were incubated 
in broth, the phage-resistant bacteria would mul- 
tiply without an increase in the yield of phage. 
For that reason, refrigeration at below freezing 
temperatures, followed by thawing of the sus- 
pension of the unstable lysogenic phage donor 
colony was used rather than incubation, as recom- 
mended by Gould and McLeod (28). 


DISCUSSION 

The present study should be considered only 
as an exploration of the possibility of utilizing 
bacteriophage for the classification of human path- 
ogenic strains of Ps. aeruginosa and for the pos- 
sible use of phage typing in the epidemiology of 
serious infections caused by this species. From 
that point of view the study seems to have been 
successful. It has been possible, with relative 
sase, to apply some of the basic phage technology 
and the rather limited previous data available on 
the application of bacteriophage to clinical strains 
of this organism, to establish a set of typing phages 
and to apply them in a manner somewhat similar 
to, but not identical with that used in phage typing 
of Staphylococcus aureus. Thus far the clinical 
virulence of the strains does not seem to be corre- 
lated with the phage types. 

Most of the phages in the typing set were de- 
veloped in the course of this study and only four 
of them were used directly from other sources or 
adapted from previously known phages. Those 
developed here have not yet been compared with 
those developed and used in other laboratories 
(28, 38-41). Moreover, it is recognized that 
phages of pseudomonas, as well demonstrated in 
this study, may be rather difficult to maintain in 
“pure” lines because of the frequency of lysogeni- 
zation and the unstable lysogenic state of the bac- 
terial hosts. However, the possibility of “purify- 
ing” the phages by the methods applied here 
seems feasible so that it is reasonable to look for- 
ward to a system of phage typing not much less 
satisfactory than that now available for Staphylo- 
coccus aureus. 

Several favorable and promising aspects were 
brought out in this study. Among them is the 
fact that once the possibility of a variant or mix- 
ture of phage or culture was recognized, it proved 
feasible in most instances to select and purify the 
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phage and its propagating strain so that they were 
Even more im- 
portant is the fact that typing of any given clinical 
strain was reproducible with the same cultures and 
with subsequent subcultures. 


again useful for typing purposes. 


Moreover, in every 
instance in which multiple isolates of Ps. aeruginosa 
were made at the same time from different sources 
or at different times from the same or different 
sources in the same patient, all of them produced 
a phage pattern essentially identical with the typ- 
ing set. 
their specific pattern of phage susceptibility in any 
given patient, a property which is essential if typ- 
ing is to be useful in clinical and epidemiological 
work. 


This suggests that the organisms retain 


Finally, it is most encouraging that nearly 
90 per cent of 161 strains isolated from clinical ma- 
terials in this hospital over a period of several 
months could be classified with the typing set that 
was developed. 

It remains to be determined to what extent the 
typing set can be maintained in reasonably stable 
form over long periods. It will also be necessary 
to determine how widely these phages can be ap- 
plied in the identification of strains from other 
sources within this hospital and from patients 
and other sources in other hospitals or outside 
of hospitals. The stability of the individual phages 
and the susceptibility of bacterial strains under 
various types of storage and for prolonged periods 
must also be studied. 


SUMMARY AND CONCLUSIONS 


The method used in the isolation, purification 
and characterization of bacteriophages for Pseudo- 
monas aeruginosa has been presented. A set of 13 
distinct phages was separated on the basis of host 
range, plaque morphology, mutation and cross 
resistance. 
classification of 161 strains of Ps. aeruginosa iso- 
lated from clinical sources in this hospital. It was 
possible to classify or type 88.8 per cent of these 
bacterial strains on the basis of the patterns of 
lysis produced by this set of typing phages. Some 
observations are presented on the relation of phage 
susceptibility to the reddish-brown color of some 
strains of Ps. aeruginosa. Studies on the signifi- 
cance of turbid plaque formation and its use in 
typing are also described. 

The reproducibility of the phage patterns with 
any given strain and the similarity of the phage 


These phages were employed in the 
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pattern of different isolates from the same patient 
suggest that phage typing of Ps. aeruginosa may 


prove useful for epidemiological purposes. 
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Glycine is the precursor of three atoms of the 
purine ring, carbons 4 and 5 and nitrogen 7 (1, 2). 
When glycine-N* 
N* is incorporated predominantly into N-7, but 
N* is also found in N-1, N-3, and N-9 which are 
donated not by glycine but by aspartic acid (N-1) 
and the amide-N of glutamine (N-3 and N-9) (3). 
The N* found in N-atoms other than N-7 of uric 


is administered orally in man 


acid increases with time and may reach 35 per 
cent of the total N*° after several days (1). In 
contrast, when glycine-1-C** is administered orally 
in man the isotope labels C-4 of uric acid almost 
exclusively, and very little C** is incorporated into 
other carbon atoms by secondary pathways (4). 
As a consequence of these diverse fates of the 
a-N* and 1-C** atoms of glycine, the N*°/C"* ra- 
tio in uric acid exceeds 1.0 after administration of 
doubly labeled glycine (5). Values of 1.7 and 1.8 
were reported in control subjects, and of 2.0 to 2.8 
in gouty subjects by Gutman and co-workers (5). 
Their results further suggested that the ratio of 
(N** in N-7)/(C** in uric acid) was also greater 
than 1.0. In one “normal excretor” gouty sub- 
ject the ratios were generally in excess of 1.2. 
Additionally, ratios of 1.08 to 1.92 (mean, 1.34) 
and of 0.86 to 1.37 (mean, 1.16) were calculated 
for two nongouty control subjects, the same (N* 
in N-7)/(total N** in uric acid) assumed as in one 
normal subject studied by Shemin and Rittenberg 
(1). 

An incorporation of into N-7 
greater than of glycine-1-C** into C-4 would have 


glycine-N*® 


important implications that might signify either an 
accessory pathway of purine synthesis, or a dis- 
parity in the rates of “isotopic turnover” of the 
a-N and 1-C of glycine. There are known mecha- 


* Supported in part by Grant A-1391 from the U.S. 
Public Health Service. 


+ Present address: National Institute of Arthritis and 
Metabolic Diseases, Bethesda, Md. 


nisms whereby such a disparity of isotopic turn- 
over might arise. A major fate of glycine involves 
interconversion with serine. The glycine-serine 
“shuttle” would not of itself alter the C**/N** ra- 
tio of reconstituted glycine, since it is the a-C of 
glycine that becomes the B-C of serine, and in the 
case of glycine-1-C**,a-N**, the a-C is unlabeled. 
However, serine serves as a precursor of glyoxylic 
acid, a compound readily converted to glycine by 
glyoxylic-glutamic transaminase (6-8). The gly- 
oxylic acid arising from glycine-1-C™,a-N* via 
serine (9-12) would be unlabeled, since prior de- 
carboxylation and deamination steps would have 
removed both C-1 and a-N of serine, and both 
carbons of glyoxylic acid would represent carbons 
originally in the a-position of glycine. Glycine can 
also be deaminated directly by glycine oxidase to 
form glyoxylic acid and ammonia (13). If this 
labeled glyoxylic acid was extensively diluted by 
unlabeled molecules, and if ammonia-N** from 
glycine found its way rather directly into glutamic 
acid, it is theoretically possible that active resyn- 
thesis of glycine by the glyoxylic-glutamic trans- 
aminase route could result in reincorporation of 
N* in excess of C**, 
should show more rapid isotopic turnover of C** 
than of N**, and such differential rates of turn- 
over might be reflected in unequal labeling of vari- 
ous products synthesized from glycine. Such 
mechanisms might offer an explanation for the 
(N*® in N-7)/(C** in uric acid) ratios more than 
1.0 found by Gutman and colleagues in control 
subjects (5), and perturbations of certain reac- 


In this case the glycine pools 


tions of these cycles might be present in gout to 
explain the higher ratios found in subjects with 
this disorder. 

Since the calculation cited above, suggesting 
that relatively more N** than C** enters the gly- 
cine subunit of uric acid after injection of gly- 
cine N**, 1-C** in control subjects, also involved 
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INCORPORATION OF INTACT GLYCINE MOLECULE INTO URIC ACID 


an assumed N* partition in urate, it seemed de- 
This 
study was performed to obtain direct evidence on 
incorporation of N** into N-7 and of C** into C-4 
of uric acid after administration of glycine a-N*°,1- 
C'* to a normal subject, and to determine how 
faithfully the glycine subunit of uric acid reflects 
the pattern of labeling of the glycine pool, as sam- 
pled during formation of hippuric acid. In this 
subject there was no evidence for disparate labeling 
of either the glycine subunit of uric acid or of gly- 
cine in hippuric acid. These results do not, of 
course, bear on the possibility of such disparity 
in subjects with derangements of purine or amino 
acid metabolism. 


sirable to explore this problem more fully. 


MATERIALS AND METHODS 


Glycine-1-C™, specific activity 4.0 mc per mmole, was 
purchased from Isotopes Specialties Co. Glycine-N” was 
synthesized according to Schoenheimer and Ratner (14) 
from potassium phthalimide-N”, containing approximately 
95 atom per cent excess N*, obtained from Isomet Corp. 

Uric acid was isolated from urine by precipitation 
with copper (15) and repeatedly recrystallized from 
Li.CO, solution (16), after decoloration with Darco-S5l. 
All uric acid analyses were performed by the differential 
spectrophotometric method of Praetorius (17) employing 
purified uricase purchased from Worthington Biochemical 
Corp. 

Hippuric acid was isolated according to Quick (18) and 
recrystallized repeatedly from hot water after decoloration 
with Darco until each sample gave an uncorrected melt- 
ing point of 186° to 187° C. 

Each uric acid sample was degraded by several pro- 
cedures to permit analysis of individual atoms. C-(4+ 
5) was obtained as glyoxylic acid semicarbazone accord- 
ing to Buchanan, Sonne and Delluva (19). N-7 was ob- 
tained as glycine by hydrolysis of uric acid in 12 N HCl 
at 160° for 18 hours (1). After alkalinization and aera- 
tion to collect NH, (20) derived from N-(1+3+9), 
the residual solution was neutralized and the glycine 
chromatographed on a Dowex 50-H* column, 1.0 X 7.5 
cm. Any undegraded uric acid was washed off the column 
with water. Glycine was eluted with 0.1 M citrate, pH 
3.4 (21), and was located with ninhydrin in the 30 to 70 
ml fractions. Residual traces of NH, were retained by 
the column. N-(1+7) was obtained as NH, according 
to Brandenberger (22). Uric acid, and glycine de- 
rived from it, hippuric acid, and the glycine standard 
were all degraded by the micro-Kjeldahl procedure, and 
steam distilled to collect NH, for N* analyses. Samples 
were prepared for N” analysis according to Rittenberg 
(23). N*® analyses were performed in duplicate on a 
180° Consolidated Electrodynamics mass spectrometer. 


1 We are indebted to Mr. William Comstock and Dr. 
DeWitt Stetten, Jr., of the National Institutes of Health, 
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Samples checked on both instruments were in excellent 
agreement. All C’* determinations were performed on 
solid samples of uric acid, glyoxylic acid semicarbazone, 
glycine or hippuric acid in a Harvard-Robinson gas-flow 
counter (24). 
ples in triplicate. 


Most of these were done by plating sam- 
All samples were corrected for self- 
absorption to a standard mass of 3.3 mg per 1.54 cm? 
planchet area. The efficiency of counting at this sample 
thickness is 24.6 per cent. 

Design of experiment. The subject of the study was a 
27 year old normal adult male weighing 84.0 kg. He was 
placed on a standard low purine diet containing 2,600 
calories, 70 g protein and 350 g carbohydrates, which 
was prepared by the diet kitchen of Duke Hospital and 
which he ingested throughout the study. After 5 days of 
pretreatment with this diet, the subject’s serum uric acid 
was 5.4 mg per 100 ml and the 24-hour urinary uric acid 
was 523 mg. These values varied minimally 
throughout the next 24 days, the urinary uric acids ranging 
from 452 to 529 mg per day, averaging 495 + 18 mg per 
day. Urinary uric acid and hippuric acid isolated be- 
fore labeled glycine was given showed no biological en- 
richment with N*. The subject received 5.01 g C*, N*® 
glycine orally. This glycine showed by analysis 95.1 
atom per cent excess N*, and 886,340 cpm per mmole 
(mol wt of glycine, corrected for N* content, 76.02). 
The total N* administered was 293.0 mg; total C was 
57,533,000 cpm. 

Urine samples were collected in sequential aliquots of 
10, 2, 10, and 2 hours, respectively, during the first 2 
days. Thereafter they were collected in sequential 22- 
and 2-hour aliquots for 22 additional days. Uric acid 
was isolated from the 10- and 22-hour urine samples. 


only 


Hippuric acid was isolated from urine samples collected 
for 2 hours after intravenous administration of 400 mg 
sodium benzoate. All samples were analyzed in triplicate 
for uric acid content. The concentrations of N* and C™ 
in uric acid of these 2-hour samples were obtained by 
interpolation from the plots of data obtained from analysis 
of uric acid isolated from'10- or 22-hour samples. 


RESULTS 


Gross incorporations of N'° and C** into uric 
acid, The incorporations of N** and C** into indi- 
vidual samples of uric acid are shown in Figure 1. 
30th incorporation curves show secondary maxima 
on Days 10 to 12 in addition to the early maxima 


on Days 2 and 3. As anticipated, the incorpora- 
tion of N** exceeded that of C**, and the disparity 
increased gradually with time. By the end of the 
24-day period, an N*°/C™ ratio of 1.5 had been 
reached. The cumulative incorporation of N* into 


for the majority of N” analyses, and to Dr. Henry 
Kamin and Mr. Bernard Bulos of the Department of 
Biochemistry of Duke University Medical Center for 
some of the total uric acid-N* and hippurate-N” analyses. 
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PERCENT NOR c’* PER 
MG OF URIC ACID x 10° 


INCORPORATION OF N* anp C* INTO URIC ACID AF- 
GLYCINE-a-N”™,1-C™. 


Fic. 1 

TER ORAL ADMINISTRATION OF 
uric acid was 0.360 per cent in 24 days, whereas 
that of 1-C'* was 0.264 per cent during the same 
period. 

Incorporation of N** into individual nitrogen 
atoms of uric acid. Values for incorporation of 
N*® into N-1 and N-(3 +9), in atom per cent ex- 
cess, may be calculated from analytical data as 
follows. 

15_] _ ? : 


| Ne (1 4 iy te 
co SN = d 7 


N15(3 49) = 3| <0 $340) (X15-1) 
3 

N-3 and N-9 are derived from the 

amide-N of glutamine (3), the enrichment of each 

may be taken as approximately % [N**-(3 + 9)], 

assumed that the same pool of intracellular glu- 

tamine contributes both N-3 and N-9, and that 


Since both 


the turnover of this pool is slow with respect to 
the time lapse between these contributions. Thus, 
individual enrichment values may be obtained for 
N-1, N-3, and N-9 in addition to N-7.. The cumu- 
lative incorporations of N** into individual N- 
atoms are shown in Figure 2, in which the sum of 
N' in N-1, N-3, N-7, and N-9 is also shown. The 
sum of the individual N**® values is in excellent 
agreement with values of uric acid itself. In no 
case did the values on any given day differ by 
more than 10 per cent. The cumulative incorpora- 
tion of N** into uric acid, as determined by addi- 
tion of the cumulative incorporation values into 
the individual N-atoms (Figure 2) was 0.260 per 
cent. This value is virtually identical with that ob- 
uric acid samples. 

accounted for 88 per 


tained by analysis of intact 
N** in N-7 of uric acid 
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(see The squares represent the sums of 


since these are virtually identical (see text). 


cent of the N** in uric acid collected over the first 
10 hours. By the end of the third week, however, 
it accounted for only about 60 to 65 per cent of the 
total N** (Figure 3). 
conformity with those of Shemin and Rittenberg 
(1). 

Incorporation of C'* into C-4 of uric acid. 


These data show a general 


When uric acid was degraded to glyoxylic acid 
semicarbazone, the enrichment of the latter in all 
The 


The average ratio of 


cases approximated that of uric acid itself. 
data are given in Table I. 
enrichment of glyoxylic acid semicarbazone to 
uric acid was 0.981, signifying that virtually all 


of the C'* of the uric acid molecule was present in 





100 











16 20 


MgN'® in N-7/MgN'® in Uric Acid x 100 


12 24 


DAYS 


PERCENTAGE OF N*® FOUND IN THE N-7 ATOM OF 
URIC ACID VERSUS TIME. 





INCORPORATION OF INTACT GLYCINE MOLECULE INTO URIC ACID 


TABLE I 


Comparison of total enrichment of uric acid and of the 
C-(4 + 5) fragment of uric acid, isolated as glyoxylic 
acid semicarbazone 


C-(4+5), 


Day C-(4+5) uric acid 


Uric acid 





cpm/mmole 
2,738 
2,659 
2,646 
2,702 
2,568 
2,528 
2,371 
2,621 
2.508 
2,332 
2,333 
11977 
1,978 


cpm/mmole 
2,859 
2,758 
2,804 
2,506 
2,503 
2,412 
2,489 
2,608 
2,00 
2,510 
2,302 
1,962 
1,993 
1,853 
1,784 


0.96 
0.97 
0.94 
1.08 


1,401 


Average 0.981 


the C-(4+ 5) fragment. Although in this study 
the C-6 and C-(2+8) fragments of uric acid 
were not isolated, in an earlier study of eight sam- 
ples from four subjects any isotope that may have 
been in these fragments after administration of 
glycine-1-C’* was too low in concentration to be 
detected when counted as BaCO, (4). 

In these earlier studies of the distribution of C** 
in the various carbon atoms of urinary uric acid, 
from 95 to 100 per cent of the isotope was found 
in the C-(4+5) Two samples of 
glyoxylic acid semicarbazone derived from C-(4 + 
5) were further degraded. Only a very small 
amount of activity (< 10 per cent) was detected 
in CO, derived chiefly from C-5, and since the 
degradation method employed (4, 19) is known 
to separate C-4 and C-5 imperfectly, this was con- 
sidered contamination from C-4, This explanation 
may be applied also to the small degree of ap- 
parent labeling of C-5 found by Buchanan and col- 
leagues (19) and by Karlsson and Barker (2) 
after experiments with glycine-1-C'* in pigeon 
systems. Significant labeling of C-5 occurs only 
under circumstances in which glycine 2-C'* is em- 
ployed (2) or in which the “formyl pool” itself 
becames highly labeled and contributes isotope to 
C-(2 + 8) and by indirect pathways to C-5 also 
(25). Secondary enrichment of C-5, from gly- 


fragment. 
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cine-1-C'*, is most unlikely, since even administra- 
tion of CO, or formate-C'* does not result in 
enrichment at this position beyond 1 to 3 per cent 
of the total label in uric acid (2, 26). In the pres- 
ent study there is no significant fraction of C’* un- 
accounted for that could be in C-(2 +8) or C-6. 
Therefore it appears reasonable to conclude that 
virtually all C’* is in C-4 of uric acid after ad- 
ministration of glycine-1-C** although, admittedly, 
rigorous proof is lacking. 

Comparison of N** in N-7 and of C'* in C-4. 
The isotopic enrichments of N-7 and C-4 are 
plotted in Figure 4, where it can be seen that 
there is no significant difference in the concentra- 
tions of N*® and C** recovered in the glycine sub- 
unit of uric acid. Comparison of 19 individual 
samples on which both analyses were available 
gave an N'*/C™ incorporation ratio of 1.009. In- 
dividual values ranged from 0.865 (Day 2) to 
1.118 (Day 9). The secondary maxima previ- 
ously observed in the gross incorporation data 
(Figure 1) are again in evidence in N-7 and C-4. 
These maxima in uric acid on Days 10 to 12 may 
reflect a contribution of granulocyte nucleic acid 
purines, since granulocytes have a life span of 
about 10 days (27). 

The cumulative incorporations of N*° into N-7 
and of 1-C'* into C-4 are shown in Figure 5. 
The values dif- 
fer by only 0.005 per cent after 24 days. 

Analysis of urinary hippuric acid. Small doses 


Again, good agreement is seen. 


of sodium benzoate (400 mg) were given periodi- 
cally to promote synthesis of hippuric acid. Quan- 
tities of 1.5 to 3.0 g of benzoate have been used 
by others (28, 29), but under these circumstances 
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AND oF C* into C-4. 


benzoate stimulates mobilization of glycine from 
protein or synthesis of new glycine (28, 30), giv- 
ing lower enrichment values of hippurate. The 
smaller dose was chosen to minimize these phe- 
nomena. The hepatic glycine pool concerned with 
synthesis of hippurate (31) was sampled to permit 
comparison of its N**/C** concentrations with 
those of administered glycine as functions of time. 
The values are plotted on semilogarithmic coordi- 
nates in Figure 6, where it is apparent that there 
is no significant differential in turnover of one 
isotope in glycine with respect to the other in the 
Al- 


though the analytical data on individual samples of 


pool participating in hippuric acid synthesis. 


hippuric acid are somewhat more erratic than on 
the glycine subunit [C-(4 + 5) and N-7]| of uric 


-00 - 000352 
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Fic. 6. SEMILOGARITHMIC PLOT OF N” anp C™ con- 
TENT OF HIPPURIC ACID VERSUS TIME. The squares repre- 
sent the differences between the values of N* and C* ob- 
served and those anticipated from the regression line, T; 
= 197 hours, and these data (™@ = N”, _|)=C") serve 
as the basis for placement of the regression line, T; = 
18.2 hours. The difference points on Day 1 fall well 
above the second line and signify the existence of a frac- 
tional turnover of the glycine pool too rapid to be ana- 
lyzed from available data (see text). 


acid, the N**/C** ratio on 19 samples of hippuric 
acid on which both analyses were obtained aver- 
aged 1.002. 

The semilogarithmic plot of isotope decay in 
hippuric acid indicates at least three fractional 
turnover rates of the glycine pool. The data fit the 
equation 


Cr = Coe! + 1.84e-%-0980¢ + 0), 35¢-0.003821 


The value A, = 0.0380 is in good agreement with 
the second rate constant calculated by Watts and 
Crawhall, A, = 0.0377, after administration of 
glycine-1-C** to a normal subject (32). They 
also found a more rapid component of glycine turn- 
over with a rate constant of A, = 0.552; in the 
present study no samples were obtained earlier 
than 10 hours after glycine administration, and 
data are therefore insufficient to plot the most 
rapid component of glycine turnover. The rate 
constants calculated are somewhat greater than 
those found by Berlin, Hewitt and Lotz (29) in 
three subjects given glycine-2-C™, but in their sub- 


jects some recycling of C’* from the 2-position 


back into resynthesized glycine was evident. 


DISCUSSION 


This study demonstrates that in this normal 
subject all of the incorporation of N** into N-7 of 
uric acid is accounted for on the basis of incorpo- 
ration of the intact glycine molecule. The proces- 
ses that result in transfer of N’° from glycine to 
aspartic acid and the amide-N of glutamine, and 
secondarily into N-1, and N-3 and N-9 of uric 
acid, respectively, do not result in detectable re- 
Had this occurred, N*°/C'* 
values significantly in excess of 1.0 would have 
been expected in N-7/C-4 of uric acid, and in 
hippuric acid. 


labeling of glycine. 


Recycling of N*° from glycine into the “nitrogen 
pool” and back into endogenously produced gly- 
cine remains a possible explanation for [(N?> in 
N-7)/(C'* in uric acid)] > 1.0 found in gouty 
subjects by Gutman and colleagues (5). The 
pathways by which N*°H,* is incorporated ex- 
cessively in such patients into uric acid might well 
include labeling of N-7 via glycine. A detailed 
analysis of these possibilities in gouty patients is 
warranted. 

The present study shows, however, that in this 
normal subject there is no disparity of isotopic 





INCORPORATION OF INTACT GLYCINE 


turnover of a-N’* and 1-C™ in body glycine, and 
no evidence for other than direct incorporation of 
intact glycine into the glycine subunit of uric acid. 


SUMMARY 


1. Glycine-1-C'*,a-N*° was administered orally 
to a control subject, and incorporations of C™ 
and N?* into individual atoms of uric acid, and 
into hippuric acid, were followed for 24 days. 

2. Glycine-1-C™ labeled C-4 of uric acid almost 
exclusively. Glycine N*® labeled N-1, N-3, and 
N-9 appreciably, in addition to its direct incorpo- 


ration into N-7. The percentage of N*° in atoms 
other than N-7 reached 35 to 40 per cent in 3 


weeks. 

3. A parallel incorporation of N’* and C'* into 
N-7 and C-4 of uric acid was observed. Analyses 
of hippuric acid similarly gave no evidence for dif- 
ferential rates of isotopic turnover of a-N and 
carboxy-C of glycine. The data indicate that all 
of the N'* in N-7Z of uric acid in this normal sub- 
ject was accounted for by direct incorporation of 
the intact glycine molecule ; there was no detectable 
recycling of N*° into N-7 by secondary pathways. 
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CALCIUM METABOLISM OF BONE IN VITRO. 
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As has been pointed out by McLean and Urist 
(1) and by Neuman and Neuman (2), the total 
Ca concentration in the circulating fluids can be 
considered to consist of two parts—that which is 
the result of the passive solubility of bone mineral, 
and that which is the result of bone cellular meta- 
bolic phenomena. These metabolic phenomena 
are thought to raise the Ca concentration above the 
level predicted by bone salt solubility and to be in- 
fluenced by parathyroid hormone. 

By analogy, in an in vitro system the final con- 
centration of Ca (and P) in the medium surround- 
ing living bone samples should be partly the re- 
sult of passive solubility equilibrium between bone 
mineral and the medium and partly the result of 
cellular metabolic activity. It has been shown in 
previous communications from this and other lab- 
oratories (3-5) that living samples of bone sur- 
vive in vitro for appreciable periods and carry on 
active metabolism which can be modified by vari- 
ous changes in conditions. Measurement of Ca 
and P concentrations under steady state conditions 
in the incubation medium of such an in vitro sys- 
tem appeared to offer an opportunity to explore the 
influence of various aspects of cell metabolism 
upon the mobilization of these ions from bone. In 
addition, by incubating bone samples in which 
cellular activity had been destroyed, the fraction 
of the total concentration that could be assigned 
to passive solubility phenomena could be estimated. 

The studies reported below were undertaken: 
first, to determine which fraction of the steady 
state Ca and P concentrations in the media could 
be attributed to passive solubility of bone mineral 


and which fraction appeared to depend upon the 


* A preliminary report of this work was presented at 
the meeting of the American Physiological Society, At- 
lantic City, N. J., April, 1961. This work was supported 
by Grants A-854 (C4) and (C5) from the Institute of 
Arthritis and Metabolic Diseases. 

+ Markle Scholar in Medical Science. 


metabolic activity of cells; second, to examine 
more directly which steps in the metabolic se- 
quence and which metabolites of cells might be 
associated with mobilization of mineral from bone; 
and finally, to explore the effects prior treatment 
of the animals with parathyroid hormone might 
have on these phenomena 

The results of these experiments indicate that 
18 per cent of the Ca concentration maintained by 
normal living bones in their surrounding media 
was related to metabolic phenomena, about one- 
half of this being associated with glucose metabo- 
lism. No direct correlation, however, could be 
found between rates of lactate production (previ- 
ously shown to be the chief end-product of glucose 
metabolism in this tissue) and Ca concentration. 
Parathyroid hormone treatment increased the to- 
tal concentration of calcium 17 per cent above nor- 
mal controls. The mechanism of this action ap- 
peared to involve both an increase in the passive 
solubility of the bone mineral and changes in the 
pattern of cellular metabolic effects. No effects 
on total P concentrations were observed in any of 
the experiments with surviving bone samples. 


METHODS 


A. Preparation of tissue samples. Adult white Swiss 
mice, 7 to 9 weeks old, were killed by cervical vertebra 
fracture, and the calvaria removed. The bones were freed 
from tendinous and muscular attachments by dissection, 
and adherent blood and clots were removed by washing 
the samples in ice-cold Krebs-Ringer bicarbonate me- 
dium. All bones were kept in fresh media stored on ice 
After gentle blotting, 
two calvaria were pooled (about 100 mg total weight), 
weighed, and placed in the incubating flask. 

B. Heat-inactivation. 
by heating, the procedure was as follows. 


until the start of the incubation. 


When bone samples were killed 
Samples of 
were heated to boiling, removed 
from the gas flame, and the bone samples quickly added 
and kept in the hot media for 1.5 minutes. They were 
then transferred to freshly prepared media for incuba- 
tion. 


glucose-free medium 
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C. Incubation. Unless otherwise indicated the samples 
were incubated in a Dubnoff metabolic incubator at 37.8° 
C in 2 ml of modified Krebs-Ringer media,1 buffered to 
pH 7.4 with HCO, and 5 per cent CO,. Penicillin at a 
final concentration of 5 U per ml and streptomycin, 0.01 
mg per ml, were added to prevent bacterial growth. 
Glucose was used as substrate at a concentration of 2 mg 
per ml. During the incubation a continuous stream of 95 
per cent O, with 5 per cent CO, was fed into the hood 
covering the flasks, which were left in the incubator 
without stoppers. All media were also equilibrated for 
10 minutes with the appropriate gas before being placed 
in the flasks. JIodoacetate, when used, was at a final 
concentration of 0.9 10* M (6). Normal 


were incubated and compared with the experimental sam- 


controls 


ples for each experiment. 
D. Injection of parathyroid extract? (PTE). Hor- 


mone-treated mice were injected subcutaneously with 
0.15 ml of PTE once daily for 3 successive days, the 
last injection being given 18 hours prior to sacrifice. 
The control group was injected with 0.15 ml of distilled 
water at the same time. 

E. Analytical techniques. Aliquots of the media were 
analyzed for Ca by the EDTA-calcium chelating method 
with murexide as an indicator,* for P by the method of 
Fiske and Subbarow (7), and for lactate by a modifica- 
tion of Barker and Summerson’s technique (8); pH in 
the media was determined by glass electrode with a 
3eckman pH meter, model G. In the experiments in 
which pH was measured, the flasks were gassed sepa- 
rately through rubber stoppers. The pH was measured 
exactly 1.5 minutes after the stopper had been removed 
from the flask in order to equalize losses of CO, from 
the media that would affect pH. 

F. Calculation. There was a tendency for minor shifts 
to occur in the absolute values from one day to another, 
while the relative differences between controls and ex- 
perimental samples remained quite constant. For ex- 
ample, on one day the mean Ca value (4 incubations) 
for viable samples and 0.52 (3 
another 


was 0.64 mmole per L 
incubations) for heat-inactivated samples. On 
day the mean values (3 incubations in each case) ob- 
tained were 0.58 and 0.47. The differences were 0.12 and 
0.11 in these two experiments and in each case were sig- 
nificantly different, with a p value below 0.001. Com- 
parable differences in phosphate concentrations from day 
to day were observed. Therefore, all values have been 
calculated as per cent of normal controls for each ex- 
periment. In all experiments values obtained with living 
bone samples incubated in standard media with glucose 
under aerobic conditions have been used as normal con- 
Bessel’s correction for small samples was used 
The significance of 


trols. 
in calculating standard deviations. 
the differences between means was estimated by means 
of Students’ ft-test. 


1 The media contained no Ca; P was present at a con- 
centration of 0.40 mmole per L. 

? Kindly supplied by Dr. Otto K. Behrens, Eli Lilly Co. 

3Q. A. Iseri and P. L. Munson, personal communication. 
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G. Criterion of bone cell viability. In experiments 
where impairment of the cells might have been expected 
as a result of the incubating conditions, it was important 
that the viability of the bone samples be determined 
Since lactate production is a prominent feature of the 
metabolism of bone cells in vitro (3), the rate of lac- 
tate production compared with controls in a subsequent in- 
cubation under normal conditions was used to judge 
viability in living samples. On the other hand, when bone 
samples were inactivated by heat, it was equally im- 
portant to be sure that the heating procedure resulted in 
complete and permanent cessation of cellular metabolism. 
Inability of these samples to produce lactate was taken 
as evidence that their cells were dead. 


RESULTS 


A. Time required to reach steady state and de- 
termination of passive solubility component of 
Ca and P concentrations 


A significant period of incubation was required 
before the steady state concentrations of Ca and 
P, which the sample would maintain in the me- 
dium, were reached. Since a steady state concen- 
tration was to be used as the end-point in these 
studies, the determination of an appropriate time 
of incubation was important. It was equally im- 
portant that the concentrations to be expected 
on a passive solubility basis be defined, if the role 
was to be examined. 


of cellular metabolism 


Therefore, Ca and P concentrations in media were 


1 00 
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HOURS OF INCUBATION 


Fic. 1. MEAN CA CONCENTRATIONS IN THE MEDIA SUR- 
ROUNDING SURVIVING AND HEAT-INACTIVATED BONES. 
Data at 6 hours are the same as shown in Table I. Each 
point represents the mean of at least 8 incubations. Values 
on the ordinate are mmoles per L. 
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TABLE I 


Effects of heat inactivation on bones from normal and PTE-treated animals 








Ca 
Heated, Heated, 
normal 


Controls, 
normal 


Exp. Incub., 
day hours 


Controls, 
normal 


P Ca XP 


Heated, 
PTE-R 


Heated, 
normal 


Controls, 
normal 


Heated, 


Heated, 
normal PTE- 





1 6 0.64 (4)* 0 
2 6 0.58(3) ¢ 
3 6 059(3) O 


(3) 
(3) 
(3) 


“5 


1.11 ( 
0.83 ( 
0. ( 


1.03 (3) 0.98 (4) 
0.82 (3) 0.80 (2) 
0.72 (3) 0.73 (3) 


0.71 (4) 0.54 (3) 0.61 (4) 
0.48 (3) 0.39 (3) 0.45 (2) 
0.46 (3) 0.35 (3) 0.44 (3) 


* Figures in parentheses indicate in all tables the number of experiments in each group. 


measured after different periods of incubation of 
living and heat-inactivated samples. The data ob- 
tained in these experiments are shown in Figure 
1 and Tables I and II. 

The data plotted in Figure 1 indicate that a 
steady state for Ca concentration in the medium 
surrounding heat-inactivated bone samples was 
established by 2 hours, while the maximal concen- 
tration for living samples was not reached until 
16 hours, although it was closely approached by 
6 hours. Practically identical curves were ob- 
tained for P concentration. 

These results (Figure 1) suggested that the 
greatest differences in Ca concentration between 
living and dead bone samples would be observed 
if the incubations were conducted for 16 hours, 
but, as can be seen from Table II, bone samples in- 
cubated for this period of time without glucose 
were no longer viable. This indicated that if the 
relation of glucose metabolism to Ca and P con- 
centrations in the medium was to be examined, an 
incubation period shorter than 16 hours would be 
required. 
time. 
conducted in some experiments. 

The 
living samples after 6 hours varied from day to 
day between 0.58 and 0.78 mmole per L (mean, 
0.76) while inorganic phosphorus concentrations 


Six hours was selected as a suitable 
In addition, incubation for 4 hours was 


concentrations of calcium observed for 


TABLE II 


Effects of glucose deprivation; normal bone 


Ca 


+Glucose 


Incub., 
hours 


Exp. 


day s Glucose 





4 16 
> 16 
6 16 
7 16 


0.73 (3) 
0.60 (6) 
0.72 (3) 0.66 (3) 
0.80 (3) 0.72 (3) 


+ 0 


0.66 (3) 
0.52 (6) 


Viability of samples 





varied between 0.72 and 1.11 mmoles per L (mean, 
0.92). 
expected in the extracellular fluid of this species 


These mean values are both below those 


on the basis of serum analysis, although the rela- 
tively higher phosphate concentration is present in 
the serum also. 
(shown for Ca in Figure 1) with increasing pe- 
riods of incubation beyond 6 hours suggest that, 
had it been possible for the incubation time to be 


The very slowly rising values 


much longer, values more like extracellular fluid 
Unfortunately this was 
not practicable, since cellular metabolism 


might have been reached. 
be- 
comes very variable and tends to slow down or 
cease when incubations of more than 24 hours are 
carried out. 

Ca, P, and Ca X P concentrations found in me- 
dia after 6-hour incubations of living and _ heat- 
inactivated samples are shown in Table I. Since 
Ca, P, and Ca X P concentrations were lower for 
heat-inactivated samples, it can be inferred that 
82.4 per cent of the Ca concentration, 95.2 per 
cent of the P concentration, and 78.1 per cent of 
the Ca X P concentration were the result of pas- 
sive mineral solubilty. The balance could be at- 
tributed to cellular activity. The depression in 
Ca concentration produced by inactivation of cells 
due to prolonged deprivation of glucose (Table IT) 
approached that produced by heat-inactivation. 
This finding, together with the similarity in Ca 
concentration at 2 hours between living and heat- 
inactivated samples (Figure 1) suggests that in 
both experiments the reduction was the result of 
cessation of celluiar metabolism rather than of 
changes in mineral solubility produced by heat or 
changes in Ca and P diffusion produced by the 
heating process.* 

4 Additional evidence in favor of this view was obtained 
from incubations at a low pH where no differences were 
seen between living and heat-inactivated bones (un- 
published studies). 
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TABLE 


III 


Effects of glucose deprivation; normal bone 


Ca 
Exp. Incub., 


day hours +Glucose 


+Glucose = Glucose 


0.62 (4 
0.64 (4 


0.63 (4) 
0.70 (4) 
0.73 (4) 
0.85 (3) 0.55 (4) 
0.61 (4) 0.59 (4) 
0.73 (4) 0.56 (4) 


& 0.70 (4) 
9 0.78 (4) 
10 0.77 (4) 
1 0.91 (4) 
1 0.63 (4) 
1 0.80 (4 


; 0.68 (3 0.99 (3) 
0.66 (3) 0.93 (3) 
0.65 (2) (2) 

(3) 


0.64 (3 


14 0.78 ( 
15 0.71 (3) 

0.74 (2) 
17 0.66 (. 


0.95 
1.07 


B. Effects of changes in glucose metabolism 


1. Glucose deprivation. While glucose depri- 
vation for 16 hours was not compatible with sur- 
vival, 4 and 6 hours without this substrate was 
well tolerated since, in a subsequent incubation of 
the same samples with glucose, the lactate pro- 
duction was resumed at close to the normal rate. 
As can be seen from Table III, lack of glucose 
depressed Ca concentration 7 and 8.2 per cent and 
lactate production 91.1 and 94.1 per cent after 4 

The Ca x 
In none of these experi- 


and 6 hours, respectively. P products 
were similarly reduced. 
ments was there any difference in P concentrations, 
differences in Ca concentrations, al- 
though small, were highly significant. 
in the Ca X P product (due almost wholly to 


changes in Ca) were statistically significant after 


while the 


Differences 


6 hours. 

In separate experiments the influence of the 
presence of glucose on heat-inactivated bones was 
studied. No significant differences in Ca or P 
between samples incubated with and without glu- 


cose were found and, hence, the possibility was ex- 


s Glucose 


0.60 (4) 
0.61 (4) 


0.59 (4) 
0.62 (4) 
0.58 (4) 


1.01 (3) 
0.96 (3) 
0.90 (2) 
1.04 (3 


Ca XP (Glucose-o glucose) 


+Glucose s Glucose Ca P 


+0.02 
+0.03 


0.39 (4) 
0.43 (4) 


+0.07 
+0.08 
+0.04 
+0.06 
+0.02 
+0.07 


0.45 (4) 
0.50 (4) 


—0.04 
—0.03 
—0.02 


0.50 (3) 
0.37 (4) 
0.45 (4) 


0.50 (3) 
0.38 (4) 
0.43 (3) 


—0.03 
—0.03 
+0.05 
+0.03 


0.69 (3) 
0.64 (3) 
0.59 (2) 
0.67 (3) 


+0.10 
+0.05 
+(0.09 
+0.02 


0.78 (3) 
0.66 (3) 
0.71 (2) 
0.71 (3) 


cluded that the effects of glucose were unrelated 
to its metabolism. 

2. lodoacetate inhibition. 
calize the effect of glucose metabolism, glycolysis 
was blocked at the triose phosphate dehydrogenase 
level with iodoacetate (IA). When this inhibitor 
was added to the media (Table IV), Ca was de- 
pressed 5.1 and 5.9 per cent and lactate 94.1 and 
94.5 per cent after 4 and 6 hours. The Ca x P 
product was decreased 7.9 per cent at 6 hours. 
Again the differences in Ca were highly significant, 
while P was not significantly influenced. How- 
ever, two possibilities exist that this effect of IA 
was not due solely to interference with glucose 
First, the IA ion as such might have 


In an attempt to lo- 


metabolism. 
an effect on the passive solubility of bone mineral, 
and second, IA might kill the cells (9) ; but, when 
samples were incubated without substrate, or with 


pyruvate instead of glucose, IA had no significant 
If the cells had 


influence on Ca concentrations. 
been killed, lower Ca concentrations would have 
been expected on the basis of the data obtained 
with heat or glucose deprivation, as shown in 
Tables I and II. On the other hand, if IA had had 


TABLE IV 


Effects of todoacetate (1A) inhibition; normal bone 


“a 
Controls, +IA, 
normal normal 


Incub., 
hours 
0.62 (4) 
0.75 (3) 
0.66 (3) 


4 0.66 (4) 
4 0.80 (3) 
4 0.69 (3) 


0.67 (6) 
0.65 (4) 


6 0.71 (6) 
6 0.70 (4) 


P Ca XP 


Controls, 
normal 


+IA, 
normal 


Controls, 
normal 


+IA, 
normal 


0.58 (6) 
0.58 (4) 


0.64 (6) 
0.61 (4) 


0.86 (6) 
0.88 (4) 


0.89 (6) 
0.87 (4) 
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TABLE V 


Effects of anaerobiasis; normal bone 


Ca 
Controls, Anaerobic, 
normal normal 


Incub., 
hours 


P Ca XP 
Controls, 
normal 


Anaerobic, 
normal 


Controls, 
normal 


Anaerobic, 
normal 





4 0.78 (4) 
+ 0.80 (4) 
+ 0.80 (4) 


0.76 (4) 
0.80 (4) 
0.75 (4) 


6 
6 


0.75 (6) 
0.70 (4) 


0.75 (6) 
0.66 (3) 


a direct effect on passive mineral solubility, this 
should have been reflected by change in Ca con- 
centraiion in experiments using samples incu- 
bated without substrate or with pyruvate. 

3. Anaerobiasis. It has been suggested by other 
workers that the metabolically dependent fraction 
of the circulation Ca** concentration might be due 
to the local production of citric acid by the bone 
cells (2, 10-14). However, the amounts of ci- 
trate produced by bone cells in vitro is extremely 
small (1 to 2 per cent) compared with lactate (3). 
Furthermore, since about 80 per cent of the glu- 
cose utilized by the cells could be accounted for 
as lactate, it was suggested that lactic acid might 
be of primary and citric acid of only secondary 
importance in mobilizing Ca and P from bone 
mineral in vivo (3). For these reasons it was 
of interest to explore the effects of increased rates 
of lactate production on Ca and P concentrations. 

In Table V the results of experiments in which 
samples were incubated anaerobically (nitrogen 
95, CO, 5 per cent) are compared with controls 
under aerobic conditions. The results are ba- 
sically the same after 4 and 6 hours. Anaero- 
bically, 15.5 to 17.8 per cent more lactate was pro 
duced, while the Ca, P, and the Ca x P products 
were not significantly affected. In fact, in both 
series of experiments Ca values, the chief variable, 


TABLE 


0.50 (4) 
0.50 (4) 
0.51 (4) 


0.62 (4) 
0.64 (4) 
0.62 (4) 


0.64 (4) 
0.63 (4) 
0.64 (4) 


0.47 (4) 
0.51 (4) 
0.47 (4) 


0.91 (6) 
0.87 (4) 


0.93 (6) 
0.90 (3) 


0.68 (6) 
0.61 (4) 


0.71 (6) 
0.60 (3) 


were slightly depressed. These experiments there- 
fore suggest that the rate of lactate production 
per se is not the critical factor involved in the mo- 


bilization of Ca from bone mineral. 


C. Studies with bone from animals treated with 
parathyroid hormone 
Bones from mice injected with parathyroid hor- 
for 6 
without glucose and compared with controls. 


mone were incubated hours with and 


Thus, each experiment consisted of four groups. 
group, and four 
The values ob- 


and Figure 2. 


There were three samples in each 
such experiments were conducted. 
tained in Table VI 
Three points of interest should be noted. 

First, in the hormone-treated group with glu- 
cose present as substrate the concentrations of 
Ca and the Ca X P product were higher than 
This is in agree- 


are shown 


for their normal counterparts. 
ment with the findings of others (15, 16). 
ond, the glucose effects on the concentrations of 
Ca and the Ca X P product were relatively more 
pronounced in the hormone-treated group than in 
of glucose 
Ca. The 
with and 
in 


Sec- 


controls, suggesting synergistic effects 
and hormone on the mobilization of 
relative differences between samples 
without glucose for both groups are 
2. This pattern was the same in all ex- 


shown 


Figure 


VI 


Effects of treatment with PTE (in vivo) and of glucose * 


P 


Ca XP 


(Glucose-s glucose) 





s Glucose 


Incub., — 
+Glucose 


hours 


Exp. 


day +Glucose 


1.00 (3) 

0.92 (3) 
0.88 (2) 
1.03 (3) 





0.92 (3) 
0.83 (3) 
0.84 (2) 
0.77 (3) 


14 6 
15 6 
16 6 
17 6 


s Glucose 


0.96 (3) 
0.88 (3) 
0.85 (2) 
1.04 (3) 


s Glucose Ca P 


+Glucose 
0.71 (3) 
0.67 (3) 
0.60 (2) 
0.71 (3) 


(3) 
(3) 
(2) 
(3) 


+0.04 
+0.04 
+0.03 
—0.91 


+0.18 
+0.07 
+0.14 
+0.09 





* The data for samples from normal animals incubated 


on the same day appear in Table III. 
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BBB cuucose present 


J GLUCOSE ABSENT 


Controls 


90 - 


sd 








8.2% 
RELATIVE 





Controls 





15.3% 


DIFFERENCES 


(GLUCOSE-EFFECT) 


Fic. 2. 


SURROUNDING BONES FROM NORMAL AND PTE-TREATED ANIMALS. 
Note the increase in the relative differences between samples in- 


Table VI. 


“STEADY STATE” CA AND CA X P CONCENTRATIONS IN THE MEDIA 


Data from 


cubated with and without glucose in the PTE group. 


periments reported here and in a preliminary ex- 
periment run for 4 hours. There are several re- 
ports showing that the hormone is capable of 
modifying cell metabolism (4, 15-17), and in the 
present study such effects were demonstrated by 
an increase in lactate production of 22.3 per cent. 
Third, it appears that the values for Ca concen- 
tration and the Ca X P product were higher for 
the hormone-treated samples than for controls 
even without glucose, although the difference for 
the product was not significant. These findings 
suggested that the passive solubility of the bone 
mineral might have been increased by parathyroid 
treatment and that part of the increases in Ca con- 
centration might have been the result of increases 
in passive solubilization of the mineral. 

This suggestion was supported by the results 
of subsequent experiments using heat-inactivated 
PTE-treated animals. The Ca con- 
centrations and the Ca X P concentration prod- 


bones from 


ucts were significantly higher in these samples 
than in untreated heat-inactivated samples incu- 
bated at the same time (Table I).° The Ca con- 
centrations observed were practically as high as 


5 This was true even after the bones had been washed 
by incubation for 1 hour before the ordinary incubation 


in fresh media. 


for normal, living bones supplied with glucose. 
Thus, the mineral of bones from PTE-treated ani- 
mals appears to have an increased solubility inde- 
pendent of metabolism of surviving cells. 


D. Effects of final pH in the medium 


It is well known that the solubility of bone 
mineral increases as pH decreases. Thus, if in 


PRESENT 
ABSENT 


© GLUCOSE 
@ GLUCOSE 








80 r r r T r 
7.40 7.45 7.50 7.55 7.60 7.65 


pH 
Fic. 3. “STEADY STATE” CA CONCENTRATIONS VS FINAL 
pH IN THE MEDIA SURROUNDING BONES INCUBATED WITH 
AND WITHOUT GLUCOSE. Note lack of correlation between 
Ca concentrations and final pH. 
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these systems major pH changes occurred in the 
media during incubation, such changes alone might 
have been responsible for the mobilization of Ca 
from the bone samples. However, pH remained 
quite constant in the media including those in 
which pH changes might have been possible due to 
acid production by actively metabolizing cells. 
The variations that did occur could not be cor- 
related with the final Ca concentrations observed. 
In Figure 3, pH values at the end of incubation 
are plotted against Ca concentrations to illustrate 
this point. The values are from experiments in 
which the effects of the presence of glucose were 
studied. It is apparent that only minor pH varia- 
tions occurred, and these were practically equally 
distributed between the two groups. Also, Ca 
concentrations were independent of pH in this 
range. In the other experiments of this series a 
similar lack of correlation between Ca concen- 
tration and final pH of the medium was found. 


DISCUSSION 


In this study a correlation has been demon- 
strated between the rate of bone cellular metabo- 
lism and steady state Ca concentrations in the 
media. Except for the experiments with heat- 
inactivated bones, no significant changes were 
obtained for P concentrations. When changes 
were seen in the Ca X P product, they were due 
to changes in Ca. Just why this was true is not 
clear, but in view of the fact that bone mineral 
may exhibit molar Ca/P ratios from 1.3 to 2, dif- 
ferences in Ca may be more pronounced than for 
P when bone salt goes into solution. Furthermore, 
in equilibration studies with human powdered bone 
it has been demonstrated that lowering pH from 
about 7.8 to 6.6 resulted in steadily increased Ca 
concentrations, while total P concentrations re- 
mained unchanged (18). Consequently, if the 
metabolic effects demonstrated in the present stud- 
ies were related to acid production and lowering 
of pH at the crystal surface (rather than in the 
medium), no change in total P might be seen. It 
should be noted that were citric acid the important 
metabolite, changes in P would be expected from 


Neuman’s data, since he and his collaborator have : 


shown that the increased solubility of hydroxyapa- 
tite caused by citrate in the surrounding fluid is 
accompanied by increases in phosphate which ap- 
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pears to be displaced from the crystals by citrate 
in the equilibrium system which he studied (2). 

A factor that might contribute to Ca and P mo- 
bilization would be an increased ionic strength due 
to accumulation of metabolites in a closed system, 
but for such changes to cause a significant de- 
crease in the activity coefficients of Ca and P in 
the medium and thus increase the apparent mobili- 
zation of these ions, they would have to be far 
greater than those observed here. The maximal 
change that could be attributed to ionic strength 
changes in these systems was one-eighth of the 
rise seen in Ca concentrations. Thus, changes in 
ionic strength do not appear to have contributed 
significantly to the phenomena observed. 

The maintenance of higher Ca X P concentra- 
tions in the media surrounding living rather than 
dead bones is in agreement with the findings of 
others. Basset and Nordin found that human 
bones, killed by repeated freezing-thawing reached 
equilibrium with a lower Ca X P product than 
that of viable bones (5). The results are also 
supported by Raisz, Au and Tepperman, who re- 
cently reported higher Ca concentrations in the 
incubating fluids for living than for heat-inacti- 
vated bones, using weanling rats (16). All these 
results most probably are related to the presence 
of cell activity in viable samples. The findings 


strongly support the concept that cell activity is 
involved in the regulation of serum Ca X P levels, 
and is at least partly responsible for the supersatu- 
ration of normal serum. 


The absence of glucose as a substrate for sur- 
viving bones resulted in a depression of Ca con- 
centrations that approximated 50 per cent of the 
depression observed in heat-inactivated bones, and 
the bones killed owing to glucose starvation for 
16 hours exhibited Ca values between these two 
groups. 
three groups was not the same may be that in the 
glucose-deprived groups endogenous sources of 


The reason that the depression in all 


carbohydrate, although very small, may have been 
utilized. In addition, metabolism of other en- 
dogenous substrates may have contributed. In 
any case, the results indicate that the rate of car- 
bohydrate metabolism in the bone cells significantly 
affects the Ca concentrations that will be main- 
tained in the surrounding fluids. 

In the iodoacetate group the depression in Ca 
concentrations was significant but somewhat less 
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than in the glucose-deprived group. This might 
be explained partly by the increased ionic strength 
due to IA, and partly by metabolism above the 
block. However, the Ca x P products were the 
same in both groups, and the results suggest that 
the chief effects of glucose are dependent upon 
metabolism beyond triose phosphate dehydrog- 
enase, 

In the experiments in which the effects of glu- 
cose deprivation and iodoacetate were studied, a 
decrease in lactate of approximately 95 per cent 
was accompanied by a decrease in the Ca xX P 
product of approximately 7 per cent. As appears 
from the experiments under anaerobic conditions, 
this simultaneous reduction does not mean that the 


product is directly influenced by the amount of 
lactate produced ; rather, it suggests that the Ca X 
P product is diminished when metabolism, as ex- 
pressed by the dwindling lactate production, is 


being slowed down. 

On the basis of the results reported, a tentative 
diagram illustrating the components of the total 
Ca concentration in the incubating media sur- 
rounding bone from normal and parathyroid hor- 
mone-treated animals can be constructed as shown 
in Figure 4. For the control animals the fraction 
of the total Ca that can be assigned to passive 
solubility is 82 per cent, while 18 per cent can be 
considered the result of cellular activity. As can 
be seen, approximately one-half of this cellular 


[_] Passive so.usiity 
bog NON-GLUCOSE METABOLISM 


oe GLUCOSE METABOLISM 


























CONTROLS PTE 


Fic. 4. CoMPONENTS OF “STEADY STATE” CA CONCEN- 
TRATIONS IN THE MEDIA SURROUNDING BONES FROM NOR- 
MAL AND PTE-TREATED ANIMALS UNDER VARIOUS INCU- 
BATING CONDITIONS. Data from Tables I and VI. 
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“metabolic” fraction seems related to glucose me- 
tabolism and the remainder to other metabolic 
processes. In the parathyroid hormone-treated 
group the increment in total Ca concentration can 
be almost entirely attributed to increases in pas- 
sive mineral solubility under the experimental 
conditions used here. However, although there 
is no apparent increase in the total size of the 
cellular ‘‘metabolic’”’ component as compared with 
controls, the distribution between that which is 
glucose-dependent and that which is not has 
changed. The Ca-mobilizing effect related to glu- 
cose is enhanced, and the effect related to other 
metabolic phenomena is correspondingly reduced. 
A similar diagram for Ca X P products showed 
the same types of distribution. 

The significance of the modification of the pat- 
tern induced by the hormone is unknown; the 
mechanism by which the hormone increases the 
passive solubility of the mineral remains equally 
obscure, although it may be related to the increase 
in citrate content in dry bone which appears fol- 
lowing treatment with parathyroid hormone (15, 
19). As has been pointed out by Thompson 
(20), the presence of citrate in synthetic hydroxy- 
apatite increases the relative solubility of such 
minerals. Another possibility might be that hy- 
drogen ions from acid metabolites displace Ca ions 
from the crystal surface, as suggested by Neuman 
(2, 14). Such an effect on the solid phase would 
change the thermodynamic properties of the crys- 
tal and increase the solubility of the mineral (14). 


SUMMARY 

1. Mouse calvaria have been incubated in vitro 
until a steady state distribution of Ca and P be- 
tween medium and sample was reached. These 
studies were designed to examine the relative im- 
portance of passive mineral solubility and various 
aspects of bone cellular metabolism in the main- 
tenance of Ca and P concentrations in body fluids. 

2. Inactivation of cellular activity by heat and 
by long-lasting starvation depressed Ca concen- 
trations in the media 17.6 and 12.6 per cent, re- 
spectively. In surviving bone, glucose depriva- 
tion and iodoacetate (1A) inhibition decreased Ca 
8.2 and 5.9 per cent, respectively, and lactate pro- 
duction about 94 per cent. These differences were 
all highly significant (p < 0.001). P concentra- 
tions, however, were roughly the same in all ex- 
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periments with surviving bones. While anaerobi- 
asis increased lactate production 15.3 per cent, Ca 
was slightly decreased. The results support the 
concept that mobilization of Ca and P from bone 


mineral and the regulation of serum levels of 


these ions are dependent upon the rate and pat- 


tern of bone cell metabolism. Effects of glucose 
metabolism are dependent upon steps beyond triose 
phosphate dehydrogenase, but the rate of lactate 
production seems only indirectly involved. 

3. Prior treatment with parathyroid extract 
(PTE) increased Ca 16.8 and lactate 22.3 per 
cent in the media surrounding surviving bones. 
The increment in Ca concentration due to the 
hormone treatment appeared to be the result of 
a) an increase in passive solubility of the mineral, 
and b) a modification of the pattern of cellular 
metabolic effects. 
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The radio-immunological technique for assay- 
ing endogenous plasma insulin in man recently 
described by Yalow and Berson (1, 2) promises 
to be of considerable value in the investigation of 
Other immunological meth- 
ods that have been reported are not so sensitive 
as this method, since they fail to detect insulin in 
fasting normal human plasma (3). In contrast 
to the bioassay methods, which are limited to the 
estimation of “insulin-like” activity, the immuno- 


insulin metabolism. 


assay is specific for insulin. The present com- 
munication describes a radio-immunological pro- 
cedure for assaying endogenous (human) and 
exogenous (beef) insulin separately when both 
This differential 
assay is based on the observation that beef and 
human insulin react differently with antibeef in- 
sulin-binding antibodies in antisera from guinea 
First, the plasma beef in- 


are present in human plasma. 


pigs and man (1, 4). 
sulin level is measured with a relatively species- 
specific human antibeef insulin serum, which re- 
It is then pos- 
sible to assay the plasma endogenous insulin with 
a guinea pig antibeef insulin serum which reacts 
strongly with both beef and human insulin. With 
this method it has been possible to demonstrate 
that, in man, both the liver and peripheral tissues 
remove endogenous and exogenous insulin from 
the blood. 


acts poorly with human insulin. 


METHODS 


Hyperimmune antisera. Antibeef insulin antiserum 
was produced in guinea pigs by repeated weekly sub- 
cutaneous injections of Boots protamine zinc beef in- 
sulin (2). The human antibeef insulin antiserum used 
in this study was obtained from a diabetic patient who 
had always been treated with a Boots beef insulin prepa- 
ration. Blood was drawn after insulin treatment had 
been withheld for 4 days. 

* This work was supported by grants from the Medical 
Research Council of Great Britain and British Insulin 
Manufacturers. 


Preparation of insulin-I™. Since a minute amount of 
insulin-I™ serves as a tracer in the immunological sys- 
tem, it is essential to use a preparation with a high spe- 
cific activity so that the counting rate may be adequate. 
Insulin-I™ with a specific activity of 300 to 600 mc per 
mg was obtained by the following method: 10 to 20 mc 
of carrier-free, thiosulphate-free I (as iodide) and 100 
ul of iodine monochloride (5) are added simultaneously 
to 20 to 30 ug of Boots crystalline beef insulin in phos- 
phate buffer, pH 7.3. After shaking for 3 minutes, 20 
to 50 per cent of the mixture by volume is immediately 
dialyzed against distilled water at 0° C in order to re- 
move free I. A variable amount of insulin-I™ is dam- 
aged by radiation; the undamaged insulin-I™ is recovered 
after separation from the damaged fraction on a cellulose 
column (2). 

Assay of endogenous insulin in plasma. 
has been described in detail by Yalow and Berson (2). 
Beef insulin-I™ in trace amounts is allowed to react with 
a suitable concentration of guinea pig antibeef insulin se- 
rum so that two-thirds to three-quarters of the beef in- 
sulin-I™ is bound to antibody. The bound insulin-I™ is 
separated from the free (unbound) insulin-I® by chro- 
matoelectrophoresis. The relative amounts of the bound 
and free fractions are recorded by a paper strip radio- 
activity scanner. Unlabeled human insulin competes with 
the beef insulin-I** for binding by antibeef insulin anti- 
body (1, 2) and causes a decrease in the ratio of bound 
insulin-I™/free insulin-I™ (B/F ratio). The curvilinear 
decrease in the B/F ratio as the concentration of unlabeled 
insulin increases permits a quantitative assay of human 


This assay 


insulin. 

A crude human insulin powder } was used as the stand- 
ard for human insulin. We have accepted Yalow and 
3erson’s estimate of the pure insulin content of this crude 
preparation: 27.3 per cent pure insulin by weight or 6 
U per mg (assuming 22 U per mg for pure insulin). 
Recently we have found that this estimate agrees satis- 
factorily with our own finding of 5.61 U per mg (SE, 
0.58), using as a standard for comparison a pure human 
insulin.2 These results are to be reported in full else- 
where. 

All dilutions of insulin and antiserum were made in 
0.1 ionic strength veronal buffer containing 0.25 per cent 


1 Kindly donated by Dr. A. M. Fisher, Connaught Lab- 
oratories, Toronto, Canada, to whom we express thanks. 

2 Kindly donated by Dr. P. Randle, Dept. of Biochem- 
istry, University of Cambridge, England. 
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human serum albumin. The human serum albumin was 
tested for the presence of insulin and none was detected. 
Standard solutions with differing amounts of human in- 
sulin contained identical concentrations of beef insulin- 
I and antiserum. A standard curve is obtained by 
plotting the B/F ratio as a function of the concentration 
of added human insulin (calculated as “pure” human in- 
sulin after correction for damaged components of in- 
sulin-I™) (Figure 1). 

The assay of endogenous plasma insulin was accom- 
plished by substituting the plasma sarple for the human 
insulin. The B/F ratio given by the plasma sample is 
then referred to the standard curve for the corresponding 
insulin concentration. 

Differential assay of beef and human insulin. Beef in- 
sulin reacts strongly with antibeef insulin antibodies in 
both guinea pig and human antisera. Human insulin re- 
acts relatively strongly with antibeef insulin antibodies 
in guinea pig antisera but usually only weakly with anti- 
When both beef and 
human insulin are present in the same mixture, human 
antibeef insulin serum is used to measure the beef insu- 
lin content of the mixture and guinea pig antibeef insulin 
serum to measure the human insulin. 

A standard curve showing the B/F ratio plotted as a 
function of beef insulin concentration in human antise- 
rum is shown in Figure 2. Compared with beef insulin, 
the effect of human insulin on the B/F ratio is almost 
negligible. This is in contrast to the standard curves 
obtained in the guinea pig antiserum (Figure 1) which 
is relatively sensitive to human insulin. These stand- 
ard curves are plotted after a correction has been made 


bodies in human antisera (1, 4, 6). 


for damaged components of insulin-I™ (2). 
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RATIO, BOUND INSULIN I™/FREE INSULIN I™ (B/F RATIO) 
AS A FUNCTION OF THE CONCENTRATIONS OF HUMAN IN- 
SULIN OR CRYSTALLINE BEEF INSULIN, 
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Fic. 2. STANDARD CURVES IN ANTISERUM : 
B/F RATIO (BEEF INSULIN-I™) AS A FUNCTION OF THE 
CONCENTRATION OF HUMAN INSULIN OR CRYSTALLINE BEEF 
INSULIN. 


HUMAN 


It should be possible to repeat the standard curves 
with identical B/F ratios and slopes if the same amount 
of radioactive insulin, unlabeled insulin and antibody are 
used every time. In practice, however, the adsorption of 
insulin to glassware and the variation in the proportion 
of damaged I™ after each iodination makes it difficult to 
ensure that the amount of tracer insulin-I™ is invariably 
constant. Thus, standard curves were similar but not 
identical, with beef insulin-I™ in a final concentration of 
0.05 mug per ml. 

A mixture containing beef and human insulin is first 
incubated in human antiserum. The resultant B/F ratio 
is referred to the standard curve to give the beef insulin 
content of the mixture. The B/F ratio of the mixture is 
then determined in the guinea pig antiserum which is 
sensitive to both beef and human insulin. The human 
insulin is assayed in the guinea pig antiserum by deter- 
mining the concentration of human insulin which must 
be added to the amount of beef insulin previously meas- 
ured to give the B/F ratio of the unknown mixture. It 
was convenient to set up tubes containing the known 
amount of beef insulin plus known amounts of human 
insulin in guinea pig antiserum at the same time as the 
unknown mixture. Clearly, a small error in the esti- 
mation of beef insulin may cause a large error in the 
assay of human insulin in a mixture containing both in- 
sulins. As the initial steep slope of the standard curve 
is the most sensitive index of a small change in the in- 
sulin concentration, it is preferable to dilute mixtures con- 
taining a large amount of beef insulin to obtain a suitable 
B/F ratio. 

Guinea pig antisera are usually less species specific 
than are human antisera, but the degree of species speci- 
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ficity varies in differeit antisera, whether human or 
guinea pig. For the purposes of differential assay it is 
desirable that species specificity should be maximal in 
human antiserum and minimal in guinea pig antiserum. 
Many human and guinea pig antisera were tested, and 
the particular antisera used in the present investigation 
came closest to meeting requirements regarding species 
specificity. 

In the absence of beef insulin, endogenous plasma in- 
sulin was assayed against the standard curve for human 
insulin in the guinea pig antibeef insulin system (Fig- 
All plasma samples were diluted at least 1: 10 to 
(2), and all 


ure 1). 
reduce incubation damage to a minimum 
mixtures were incubated at 4° C for 4 days. 
Collection of hepatic 
moral venous blood. 


venous, femoral arterial and fe- 
In patients with end-to-side porta- 
veins the portal 
Blood 
enters the liver only through the hepatic artery and leaves 


caval anastomoses or blocked portal 
blood flow is shunted into the systemic circulation. 
via the hepatic veins. The balance of insulin across the 
liver can then be measured directly by the difference be- 
tween arterial and hepatic venous plasma insulin levels. 
The hepatic uptake of insulin may be calculated as the 
product of the arteriohepatic venous plasma insulin dif- 
ference and the estimated hepatic plasma flow. Seven 
patients were studied. (Ha and Ki) had surgi- 
cal portacaval anastomoses and cirrhosis of the liver. 


Two 


Two (Ar and Ma) had blocked main portal veins with- 
out cirrhosis. Two (Co and Ja) had a portal collateral 
circulation secondary to cirrhosis or to infiltration of the 
liver tissue. One 
patient (Br) had ascites due to a reticulosis but had no 
portal collateral circulation. 


with extramedullary hematopoeitic 


All patients were fasting and sedated. Blood samples 
were taken from a catheter deep in the hepatic vein and 
an indwelling catheter in the femoral artery and vein. 
Hepatic blood flow was estimated at 10-minute intervals 
by the and method of 
Ingelfinger, Bradley and Currie (7), with indocyanine 
green as the extractable material (8). Midway be- 
tween the sampling times for blood flow measurement, 


clearance extraction Bradley, 


blood samples (4 to 6 ml) were drawn simultaneously 
and at a constant rate from the femoral artery and he- 
The 
blood was immediately placed in iced tubes containing 
heparin, and plasma was separated in a refrigerated cen- 
trifuge. 


patic vein and, in some subjects, femoral vein. 


The plasma samples were stored in a deep- 
freeze for insulin assay several months later. 
Glucagon-free beef insulin? was administered to 5 
patients by a Sigma constant-infusion pump through an 
indwelling catheter in a femoral vein at a rate of 0.07 to 
0.1 U per kg body weight per hour. This rate of insulin 
infusion was chosen to produce a gradual modest de- 
crease in in the arterial glucose concentration in order 
that the “counter-regulatory” responses to hypoglycemia 
might be kept to a minimum (9). One patient manifested 


the signs and symptoms of hypoglycemia during the in- 


3 Burroughs-Wellcome glucagon-free crystalline beef 
insulin. 
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fusion; the others tended to be lethargic. None of the 
subjects had previously received insulin. 

Comparison of different preparations of beef insulin. 
3oots 6-times recrystallized beef insulin, assayed at 22.2 
U per mg, was used as the routine standard for beef in- 
sulin. Since Wellcome glucagon-free crystalline beef 
insulin, assayed at 22.4 U per mg, was the insulin in- 
fused into patients, the effect was compared of the two 
beef insulins on the B/F ratio for beef insulin-I™ (Fig- 
ure 3). There is no significant difference between the 


standard curves for Boots insulin and Wellcome insulin. 


RESULTS 


1. Normal fasting endogenous insulin concentra- 
tions 


The mean normal fasting endogenous insulin 
concentration of 30 normal subjects was 23 »U 
per ml (SD + 17.4, range 0 to 70 »U per ml). 
This compares well with Yalow and Berson’s mean 
values of 21 »U per ml (SD + 15.4, range 0 to 66 
»#U per ml) for a similar number of normal sub- 
jects (2). 

2. Assay of model mixtures containing known 
amounts of beef and human insulin 


a) No plasma present. The differential assay 
was applied to various combinations of beef and 
human insulin which had been added to the radio- 
active beef insulin-antiserum systems (Figure 4). 
The recovery of beef insulin was virtually quanti- 
tative in all of the insulin combinations tested. 
The recovery of human insulin, good in mixtures 
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Fic. 4. RECOVERY OF BEEF AND HUMAN INSULIN WHEN 
BOTH INSULINS WERE ADDED in vitro TO THE BEEF INSULIN- 
[***_ ANTISERUM 


column above 


and below the zero line shows the concentration of beef 


SYSTEMS. Each vertical 


and human insulin, respectively, in a particular mixture. 
Mean values for insulin recovery (unshaded columns) 
were derived from four replicate determinations. 


containing the higher concentrations of human 
insulin, was less accurate when the amount of hu- 
man insulin was small, particularly in the presence 
of the higher concentrations of beef. insulin. 

b) In plasma. 
sayed in plasma from a normal fasting subject. 


Endogenous insulin was as- 


The differential assay was then applied to a num- 
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Fic. 5. AssAY OF ENDOGENOUS INSULIN AND RE- 
COVERY OF BEEF INSULIN AFTER ADDING BEEF INSULIN TO 
A FASTING PLASMA SAMPLE. The endogenous insulin con- 
centration was 42 wU per ml before the addition of beef 


insulin. 


ber of aliquots of this plasma after known amounts 
of beef insulin had been added in vitro (Figure 
5). The recovery of beef insulin, in concentra- 
tions varying from 10 to 200 »U per ml plasma, 
was almost complete in the presence of an endoge- 
nous insulin content of 40 »U per ml plasma. 
Assay of endogenous insulin in plasma containing 
different beef insulin concentrations yielded rea- 


TABLE I 


Hepatic uptake of endogenous insulin 


Subject 
Ha, 42 years; 
80 kg; 
portacaval 
anastomosis ; 
cirrhosis 


HIU per kg 
Ar, 60 years; A 
48 kg; HV 
extrahepatic A-HV 
portal block; (A — HV)/A 0.27 
liver normal EHPF 580 
HIU per kg 60.4 


0.12 
580 578 623 645 
36.2 


* 


Time in minutes 
40 50 60 Mean 


14 14 1 


28 24 18 
3 
14 8 5 


0.52 0.50 0.33 0.28 0.46 


400 470 540 560 
55.0 82.2 54.0 35.0 

22 24 26 

18 20 22 

3 4 4 4 
0.18 0.17 0.15 0.19 


48.2 51.9 53.8 50.1 


* A = arterial plasma insulin concentration in w4U per ml; HV = hepatic venous plasma insulin concentration in pl 
per ml; A — HV = arterial minus hepatic venous insulin concentration in #U per ml; (A — HV)/A = arterial minus 
hepatic venous insulin concentration divided by arterial insulin concentration; EHPF = estimated hepatic plasma flow 
in ml per minute; HIU = hepatic insulin uptake in wU per minute per kg body weight. 
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sonably consistent results. The endogenous and 
beef insulin concentrations in this model are rep- 
resentative of the plasma levels in the subjects in 
our study before and after beef insulin infusion. 


3. Hepatic uptake of endogenous insulin 

There 
was a significant arteriohepatic venous difference 
in endogenous insulin levels in all four subjects 
(Ki, Ma, Ha, Ar) who had either portacaval 
anastomoses or portal vein thromboses (Tables I 


a) In the absence of insulin infusion. 


and II). The clearance of insulin by the liver in 
a single trans-hepatic passage was shown by the 


TABLE 


Hepatic uptake of insulin before and during the slow infusion of beef insulin 





Preinfusion values 


Subject Minutes: —20 —10 0 


Mean 
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ratio: (arteriohepatic venous difference/arterial 
[(A — HV)/A]. 


The hepatic endogenous insulin uptake per kilo- 


plasma insulin concentration ) 


gram body weight (HIU) in these four patients 
was calculated as the product of the arteriohepatic 
venous plasma insulin difference and the estimated 
hepatic blood flow and expressed as microunits 
per minute per kilogram body weight (Tables I 
and II). The endogenous insulin (A — HV)/A 
ratio was determined for each batch of plasma 
samples collected every 10 minutes (Tables I and 
II). The mean (A — HV)/A ratio for endoge- 


nous insulin was 0.46 in Subject Ha (over 60 


II 


. 


Time during beef insulin infusion 


10 20 30 Mean 





A. Complete portal-systemic shunt 


Ki, 45 years; 
60.1 kg; 
portacaval 
anastomosis; 
cirrhosis 


A endog. 
exog. 

HV endog. 

exog. 
A — HV endog. 

exog. 
(A — HV)/Ae) tog. .38 47 0.57 
‘ Og. 

EHPF 259 
HIU endog. 34.5 


Per kg 
exog. 


Ma, 45 years; 
80 kg; 
extrahepatic 
portal block; 
myeloid leu- 
kemia 


A endog. § : 39 
exog. 
HV endog. : 2 23 
exog. 
\ — HV endog. . 16 
exog. 


\ — HV/A endog. .42 0.41 
exog. 


EHPF 820 
HIU endog. 


Per kg 
exog 


164.0 


B. Partial portal-systemic shunt 


Co, 60 years; 
60 kg; 
myelosclerosis 


A endog. 
exog. 
HV endog. 
exog. 


A endog. 
exog. 
HV endog 

exog. 


Ja, 42 years; 
50 ke; 
cirrhosis 


C. No portal-systemic shunt 


Br, 50 years; 
80 kg; 
reticulosis 


A endog. 
exog. 


HV endog. 
exog. 


0.10 U/ke/hr 


0.47 


0.10 U/k 


40 
85 


0.41 


61.5 


399.8 ,086.5 
0.10 U/kg 


30 
74 


30 
47 
0.07 U/ke 
5 
88 
15 
59 
0.10 U/kg 


18 
58 


38 


* Endog. =endogenous (human) insulin; exog. =exogenous (beef) insulin. See Table I for other abbreviations. 
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minutes) and 0.19 in Subject Ar (over 50 min- 
utes), and in Subjects Ki and Ma over 30 min- 
utes the ratios were 0.47 and 0.41, respectively. 
The average endogenous insulin (A —-HV)/A 
ratio of 19 different determinations in the four 
patients (Ki, Ma, Ha, Ar) was 0.41. The mean 
endogenous HIU during a 50-minute period was 
57 »U per minute per kg in Subject Ha and 50 
zU in Subject Ar. In Subjects Ki and Ma the 
HIU values were 34 and 164 »U per minute per 
kg, respectively. 

b) During insulin infusion, A hepatic uptake 
of endogenous insulin was still apparent during 
the infusion of beef insulin. The mean (A — 
HV )/A ratio for endogenous insulin was 0.51 in 
Subject Ki, with a HIU of 32 »U per minute per 
kg during a 40-minute infusion, and 0.36 in Sub- 
ject Ma, with a HIU of 100 »U per minute per 
kg during a 50-minute infusion (Table II). The 
similarity of these ratios and HIU values to the 
respective preinfusion values suggests that the 
proportion of endogenous insulin cleared by the 
liver was not affected by the presence of exogenous 
insulin. 

Of the three patients who had patent portal 
veins, Co and Ja had a collateral portal systemic 
circulation, but portal blood was flowing through 
the liver. All three patients showed higher levels 
of endogenous insulin in the hepatic venous sam- 
ples than in arterial samples, both before and 
during insulin infusion. 


4. Hepatic uptake of exogenous insulin 


This may be compared with that for endogenous 
insulin in Table II. The (A —HV)/A ratios 
for endogenous insulin before and during the beef 
insulin infusion were remarkably similar to those 
for exogenous insulin in Patients Ma and Ki. 
The mean (A — HV)/A ratio for exogenous in- 
sulin was 0.42 in both Ma (4 determinations) and 
Ki (5 determinations). The (A —HV)/A ra- 
tio did not change significantly with rising arterial 
plasma insulin levels, nor was there any appreci- 
able variation in estimated hepatic plasma flow. 
Thus, it appears that insulin was removed by the 
liver according to the law of a first-order reaction. 
The mechanism governing hepatic insulin capture 
was not saturated by arterial plasma insulin con- 


centrations exceeding 250 uU per ml. While the 
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TABLE Iil 


Balance of endogenous insulin across the 
periphery; Subject Ha* 





Time in minutes 


20 30 5 60 


18 
16 


? 


A —FV 5 6 5 6 2 
(A —-FV)/A 0.19 0.15 0.23 0.24 0.21 0.11 


*A = arterial plasma insulin concentration in wU per 
ml; FV = femoral venous plasma insulin concentration in 
nU per ml; A — FV = arterial minus femoral venous insu- 
lin concentration in wU per ml; (A — FV)/A = arterial 
minus femoral venous insulin concentration divided by ar- 
terial insulin concentration. 


hepatic insulin uptake cannot be calculated in the 
patients with intact portal veins, it is apparent that 
in these patients a significant amount of exogenous 
insulin was also removed from the splanchnic cir- 
culation (Table II) by the liver. 


5. Peripheral insulin uptake 


A definite femoral arteriovenous difference for 
both endogenous and exogenous insulin is shown 
in Tables III and IV. 
measured in plasma collected during the infu- 
sion. The peripheral (A — HV)/A ratio, which 
reflects the insulin uptake of the whole leg, com- 
prising a number of different tissues, was much 


Only beef insulin was 


more variable than the (A — HV )/A ratio across 
the liver, which was also larger. 


6. Velocity constant of elimination of exogenous 

insulin 

The mean increase in arterial plasma total (en- 
dogenous plus exogenous) insulin concentration 
in seven patients during 50 minutes of beef insu- 
lin infusion is shown in Figure 6. 
infusion arterial plasma endogenous insulin con- 
centration was 25 »U per ml. It was not feasible 
to continue the beef insulin infusion for a longer 


The mean pre- 


period in an attempt to reach the steady state. 
Assumed that the elimination of the infused in- 
sulin from arterial plasma proceeds as a first-order 
reaction, sufficient data are available to estimate 
a hypothetical equilibrium concentration of plasma 
insulin (see Appendix) ; tentative values for the 
velocity constant of elimination, k, and the mean 
volume of distribution, v, could then be computed. 
The mean velocity constant of elimination, k, was 
0.02 minute"? and the mean volume of distribu- 
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rABLE IV 


Peripheral uptake of insulin before and during the slow infusion of beef insulin * 


Endogenous insulin 
preinfusion values Beef insulin values during infusion 
Subjects Minutes 2 10 20 
A : : 14 87 169 
FV 10 81 161 
A - FV ; 4 6 8 
0.28 0.07 0.05 


A 3 5 39 85 152 
FV ‘ : 30 79 136 
" _ As 2 ] 9 6 16 22 
0.2. 0.07 0.10 : 0. 06 


A 14 58 96 ~ 192 
FV 8 9 51 89 177 
A- FV 5 7 7 15 
0.. 0.12 0.07 " 0.08 
A é 2 2 7 139 189 223 
FV 0 129 165 199 
A—-FV k 5 6 7 10 24 24 
(A — FV) 13 ae 0.27 0.09 0.07 0.13 0.11 


Over-all mean (A — FV)/. 2 0.10 





* See Table III for abbreviations. 


tion, v, was 13 L, or 20 per cent of the mean body 
weight. 


a 


7. Effect of oxygenation and deoxygenation of cl 
whole blood 


It is reported that oxygenation of blood either 
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Fic. 6. MEAN RISE IN ARTERIAL PLASMA TOTAL IN- AFTER im vitro OXYGENATION AND DEOXYGENATION OF VE- 
SULIN CONCENTRATION DURING THE INFUSION OF PEEF NOUS WHOLE BLOOD. Taken during a glucose tolerance 
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biologically estimated endogenous insulin-like ac- 
tivity (10,11). A similar effect on the immuno- 
assay would give rise to spurious arteriovenous 
differences in insulin levels. A wide range of en- 
dogenous insulin levels was obtained by drawing 
venous blood during a glucose tolerance test in 
three normal subjects. Plasma was immediately 
separated after in vitro oxygenation and deoxy- 
genation of aliquots of whole blood (11). Im- 
munoassay of plasma separated from the same 
sample of blood after oxygenation and deoxygena- 
tion showed no significant difference in the levels 
of endogenous insulin (Figure 7). Thus, arterio- 
venous differences in insulin concentration dem- 
onstrated by immunoassay could not be ascribed 


to the influence of oxygenation and deoxygenation. 


DISCUSSION 


siological methods that measure “insulin-like” 
activity in plasma have given widely differing es- 
timates of the normal range for the fasting plasma 
insulin concentration (12-18). Yalow and Ber- 
son have pointed out that the plasma insulin levels 
obtained by their immunoassay technique are in 
agreement with the lowest of these estimates (2). 
The fasting venous endogenous insulin concen- 
trations in this study accord well with the findings 
of Yalow and Berson in normal subjects and 
cirrhotic patients, confirming the reproducibility 
and consistency of the radio-immunoassay tech- 
nique. 

The differential assay of endogenous and ex- 
ogenous insulin when both are present in the same 
plasma is based upon the marked differences in 
species specificity that can be found in guinea pig 
and human antibeef insulin antisera. The dif- 
ferential assay provides a sensitive and precise 
measurement of beef insulin, independent of the 
concentration of human insulin in the insulin mix- 
The measurement of human insulin, pri- 
marily dependent upon the complete recovery of 
beef insulin, is reliable at most concentrations of 
human insulin, but accuracy may be impaired in 
a mixture combining a very low human insulin 
content with a high beef insulin concentration. 
It has been suggested that differences and similari- 
ties in the binding of various animal insulins with 
antibodies in human antibeef-pork insulin sera 
may be due to differences in the amino acid se- 
quence of residues 8 to 10 of the A-chain (4). 


ture. 
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We have no adequate explanation for the varia- 
tions in species specificity shown by human or by 
It should be 
noted that insulin preparations made by British 
In our 


guinea pig antibeef insulin sera. 


manufacturers contain only beef insulin. 
experience different human antibeef insulin anti- 
sera have shown a wide range of species specificity 
for human and beef insulins. The degree of spe- 
cies specificity is, however, constant and reproduci- 
ble for any particular antiserum using trace con- 
centrations of insulin-I**". 
recently reported minor or less than 3-fold differ- 


Grodsky and Forsham 


ences in the binding of human and beef insulin in 
human antibeef-pork antisera (19), in contrast 
to the 25- to 100-fold differences described by 
(4-6). 
crepancy could be related to the variations in spe- 


3erson and Yalow This apparent dis- 
cies specificity in different human antisera, or could 
be due to differences in technique. Cross reac- 
tions between animal insulins have been demon- 
strated in other immunological systems by Ar- 
quilla and Stavitsky (3) with the red cell hemag- 
glutination-inhibition technique. 

The potential application of the procedure de- 
scribed for assaying beef and human insulin, when 
both are present in plasma, may have limitations, 
Its use might be confined to patients who are 
receiving exogenous insulin for the first time or 
who have been treated with insulin for only a 
short while and have not developed antibodies to 
insulin. While it is possible to dilute insulin- 
treated diabetic plasma containing insulin-bind- 
ing antibodies so that these have little effect im 
vitro, the reaction of insulin-binding antibodies 
with endogenous insulin in vivo and the effects of 
these antibodies on endogenous insulin degrada- 
tion and distribution may invalidate the differen- 
tial assay described. 

It has been suggested that im vitro biological 
methods cannot be used to measure arteriovenous 
differences in insulin-like activity. The insulin- 
like activity of the blood in the venous drainage 


to the pancreas, measured by the rat diaphragm 
or the rat adipose tissue method, is less than that 


in simultaneously sampled arterial blood; and 
oxygenation of blood either in the lungs or in vitro 
can lead to a rise in the biologically estimated in- 
sulin-like activity (10,11). It is unlikely that the 
arteriovenous differences in insulin concentration 
demonstrated by immunoassay could be ascribed to 
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the influence of oxygenation and deoxygenation. 
No significant difference has been found in the 
plasma insulin concentration of the blood after 
oxygenation and deoxygenation in vitro. The pa- 
tients with intact portal veins showed a higher 
insulin concentration in hepatic venous plasma 
than in arterial plasma. 

The results of this investigation show that, in 
man, the liver is capable of removing 20 to 50 per 
cent of the insulin passing through it for periods 
hour. (20) 


found that about 40 per cent of insulin-I'* 


of over | Mortimore and Tietze 
en- 
tering an isolated, cyclically perfused rat liver, was 
removed in a single trans-hepatic circulation. Mad- 
ison, Combes, Unger and Kaplan compared the 
volume of distribution of insulin after a rapid in- 
jection into the portal vein (21) and calculated 
that more than 50 per cent of the insulin-I'** was 
bound to the liver in a single trans-hepatic cir- 
culation. 

Little is known about the mechanism of cap- 
While it appears 
from our results that the hepatic uptake of insu- 


ture of insulin by the liver. 


lin is a first-order reaction, there was no evidence 
of saturation of the sites of hepatic removal by the 
high level of insulin toward the end of the beef 
insulin infusion. 

The proportion of insulin taken up by the liver 
before and during insulin infusion remained rela- 
This may indi- 
cate that hepatic uptake was maximal throughout, 


tively constant in our patients. 


with the arterial insulin concentration as the rate- 
limiting factor, but it should be noted that certain 
aspects in this investigation were distinctly not 
physiological: the physiological secretion of in- 
sulin is evoked by hyperglycemia, which was not 
present; a portal systemic shunt or liver disease 
was present in most of the patients investigated, 
and could result in findings that might not occur 
in healthy subjects. In spite of these considera- 
tions the radio-immunoassay method has demon- 
strated a hepatic and peripheral uptake of insulin 
in man. This technique may be a valuable means 
for investigating endogenous or exogenous insu- 
lin uptake by various tissues in patients with dis- 
orders of carbohydrate metabolism. Such a study 
might test whether some diabetics have defects in 
peripheral or hepatic metabolism of insulin. In 
some diabetics an abnormal insulin might be pres- 


ent that reacts well immunologically but poorly 
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as a hormone in vivo. Immunoassay has already 
shown that absolute insulin deficiency is not the 
cause of hyperglycemia in early maturity onset 
diabetics (2, 22) and at least in some juvenile 
diabetics (22). 

The present estimations of mean velocity con- 
stant of elimination and mean volume of distribu- 
tion of insulin are based upon two theoretical con- 
siderations: 1) the assumption that the infused 
insulin is eliminated as a first-order reaction, and 
2) formulae that have been constructed to express 
the elimination of a substance according to first- 
order kinetics during a constant intravenous in- 
fusion. Similar mathematical treatment has been 
used to estimate the velocity constant of elimina- 
tion (k) and the volume of distribution (v) of 
glucose (23) and vasopressin (24) administered 
by constant intravenous infusion until a steady 
state supervened. The assumptions in the mathe- 
matical analysis are not free from objections (see 
Appendix). The meaning of the concept of a vol- 
ume of distribution, v, as determined during a 
constant intravenous infusion, is complicated when 
a comparison is made with the method for ob- 
taining v after a single intravenous injection of a 
substance. After a single injection, v is dependent 
upon the hypothetical concentration that would 
exist immediately after the injection if the steady 
state of infusion were reached at once, by extrap- 
olation from the logarithmically linear part of 
the disappearance curve, ignoring the initial high 
concentration after the injection. 

It has previously been shown that after a single 
intravenous injection of insulin-I’** in amounts 
ranging from 0.1 to 7.0 U, the degradation reac- 
tion follows first-order kinetics (25). The mean 
velocity constant of elimination, k, was 0.02 min- 
ute? and the mean apparent volume of distribu- 
tion, v, was 37 per cent of body weight in about 
45 minutes, distribution being about half completed 
at 15 minutes. These data are thus not comparable 
with the & value in the present study which is nu- 
merically equal (0.02 minute?) and a wv value 
of 20 per cent of the mean body weight, since these 
values are derived from constant intravenous in- 
fusion data. 


SUMMARY 


1. Immunoassay of plasma insulin in man, as 
devised by Yalow and Berson, is confirmed to be 
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a highly sensitive method for insulin assay, yield- 
ing consistent and reproducible results. Normal 
fasting endogenous plasma insulin concentrations 
did not exceed 70 »U per ml. 

2. A sensitive differential immunoassay is pre- 
sented for measuring separately beef and human 
insulin in plasma in man after beef insulin ad- 
ministration. This assay is based upon differences 
in species specificity shown by human and guinea 
pig antibeef insulin antisera. 

3. Immunoassay, in contrast to the rat adipose 
tissue or diaphragm methods, is not influenced by 
oxygenation or deoxygenation of whole blood in 
vitro or in vivo. This procedure may therefore 
be used to measure arteriovenous differences in 
insulin concentration, 

4. A significant hepatic uptake of endogenous 
insulin is demonstrated in four patients with porta- 
caval anastomoses or extrahepatic portal blocks. 
Sampling of arterial and hepatovenous blood and 
estimation of hepatic blood flow permits the cal- 
culation of the balance of insulin across the liver. 
The mean proportion of arterial insulin removed 


by the liver, reflected by the ratio: (arteriohepatic 


venous difference in insulin concentration/ar- 
terial insulin concentration) [(A — HV)/A] was 
similar for endogenous (mean, 0.40) and exoge- 
nous (mean, 0.42) insulin. The hepatic uptake of 
endogenous insulin in each patient was relatively 
constant over a period of 60 minutes. During beef 
insulin infusion the mechanism for beef insulin cap- 
ture in the liver behaved as though governed by 
a first-order system, and was not saturated by 
arterial plasma beef insulin levels of 250 »U per 
ml. 

5. A definite peripheral insulin uptake of en- 
dogenous and exogenous insulin was demonstrated. 


The (A=—V)/A 


variable than the equivalent ratios across the liver. 


ratios are smaller and more 


6. The calculated mean velocity constant of 
elimination (k) for the infused insulin was 0.02 
minute". 

APPENDIX 


In a first-order reaction the infused substance is elimi- 
nated at a rate proportional to the amount of the sub- 
stance present in the plasma. The linear equation expres- 


sing this state is: 


dc 


dt + he 
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where c = concentration of insulin in plasma, p = rate of 
= volume of 
and k= 
t=0, 


infusion which is known and constant, v 


distribution which is assumed to be constant, 


velocity constant of elimination. If « c, when 


integration yields: 


c= P — 
kv 
and if c=0 when t= 0, then: 
Pp 
c=—(1 
ky 
(the y 
asymptote), was estimated as the value that yielded a 
C) was plotted against time. 


The hypothetical equilibrium concentration, C, 


straight line when log (C, 
The best fit for C. was 350 wU insulin per ml when C 
was regarded as the rise in plasma insulin concentration 


above the mean preinfusion level of 25 wU per ml. 
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The tubular reabsorption of sodium in the mam- 
malian kidney is stimulated after administration of 
aldosterone (1-3). The transport of sodium from 
the tubular lumen to the interstitial compartments, 
across the cells lining the renal tubule, represents 
an active process (4, 5), and one is therefore led 
to conclude that this process is influenced by al- 
dosterone. However, the failure to observe a so- 
dium retention confined to the treated side after 
injection of aldosterone into one renal artery of 
the normal dog (3) could cast doubt that aldo- 
sterone is the principle immediately responsible 
for renal sodium retention. The time lag of 1 
to 2 hours regularly observed between intravenous 
administration of aldosterone and the first changes 
in sodium excretion by the kidney (6-8) is like- 
wise intriguing. 

The isolated toad bladder was thought suitable 
for a more direct examination of the stimulation of 
sodium reabsorption by aldosterone. This prepa- 
ration consists of a single layer of mucosal cells 
supported by thin connective tissue in which blood 
vessels and isolated bundles of smooth muscle are 
interspersed ; a layer of serosal cells separates the 
bladder from the peritoneal cavity. This simple 
biological membrane is capable of moving sodium 
actively from its mucosal to its serosal border 
(9), a process that can be conveniently followed 
by the short-circuit technique of Ussing and 
Zerahn (10). 
that, when an external potential is applied so as to 


These investigators have shown 


* Presented in part at the Annual Meeting of the Amer- 
ican Society for Clinical Research, Atlantic City, N. J., 
May, 1960. 
from the John A. Hartford Foundation, Inc., the United 


This work was supported in part by grants 
States Public Health Service (H-2822) and the Ameri- 
can Heart Association, Inc. 

+ Work done during tenure of a Research Fellowship 
of the Helen Hay Whitney Foundation, 1959-60. Pres- 
ent address: Department of Medicine, University Clinic 
St. Raphael, Louvain, Belgium. 


nullify the spontaneous transmembrane potential, 
the current measured in the external circuit is the 
quantitative expression of active sodium trans- 
port. 

Previous experiments have established that al- 
dosterone is a physiological hormone for the toad, 
Bufo marinus, and that sodium transport by the 
toad urinary bladder is stimulated after injection 
of the steroid into the animal (11). For the pres- 
ent studies the membrane was exposed to aldo- 
sterone in vitro, and stimulation of active sodium 


transport ensued. 


MATERIAL AND METHODS 


All toads (Bufo male and female) were 


maintained half-immersed in 


marinus, 
distilled water for 3 to 5 
days before sacrifice, except for half of those used in the 
The were pithed and both 
half-bladders were mounted in rapid succession between 
ID) as described by Ussing 


first experiment. animals 
Lucite chambers (20 mm 
and Zerahn (10), with the membrane bathing in 8 to 10 
ml aerated frog Ringer solution (Na, 113.5 mEq per L; 
K, 1.88 mEq per L; HCOQ,, 2.38 mEq per L; Ca, 0.89 
mmole per L; Cl, 114.9 mEq per L; osmolality, 220 mOsm 
per kg water; pH, 8.1 at room temperature after equili- 
bration with air). The serosal surface of one half-bladder 
Was exposed to frog Ringer solution containing d,l- 
aldosterone in concentrations ranging from 10 to 180 ps 
per 100 ml; ie, 1.4 * 10% M to 2.5 x 10% M biologically 
active d-aldosterone. Measurements of short-circuit cur- 
rent and of DC resistance were made at 15- to 30-minute 
intervals for 3 to 4 hours. The DC resistance of the 
membrane was derived from the potential generated by 
imposing a current of 100 wa across the short-circuited 


preparation. In some experiments 1 U_ vasopressin 
(Pitressin; Parke, Davis) was added to the fluid bathing 
the serosal surface of the membrane after 180 to 210 min- 
utes of incubation ; current 


at 5-minute intervals during the following 20 to 30 min- 


short-circuit was measured 


utes. In a series of 8 experiments, studies were per- 
formed on the short-circuited membrane, using Na™ and 
Na” to measure the two unidirectional sodium fluxes si- 
multaneously (9). Bladder tissue was analyzed for wa- 
ter, sodium, potassium, and chloride content as previ- 
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lissue glycogen concentration was 
(12), after alka- 
line digestion of tissue samples stored frozen after in- 


ously described (11). 


determined by the anthrone method 
cubation and weighing. 

In some experiments 20 yg d,l-aldosterone 21-mono- 
acetate (dissolved in 0.02 ml ethanol diluted to 0.1 ml 
with frog Ringer solution) w.- injected into the toads 
24 and 4 hours before sacrifice. In another experimental 
series, 1 mg deoxycorticosterone acetate (Schering sub 
lingual tablets dissolved in 0.5 ml frog Ringer solution) 
for 5 days, with a 


was injected into each animal daily 


last injection 4 hours before sacrifice. 


RESULTS 


1. In an initial series of experiments, paired 
half-bladders were obtained from 16 toads, 8 of 
which had been maintained in distilled water (wa- 
ter toads) and an equal number in saline (125 
mEq Na per L: saline toads) for 3 to 5 days. 
For each experiment one half-bladder served as a 
control, while the solution bathing the serosal 
surface of the corresponding half-bladder contained 
2.8 x 10°? M d-aldosterone. Incubation was car- 


ried out for 4 hours. As seen in Figure 1 the 


mean short-circuit current across the membranes 
exposed to aldosterone started to increase above 
the control values after approximately 60 min- 
The due to aldosterone be- 


utes stimulation 


(u Amp./3.14 cm2) 


SHORT-CIRCUIT CURRENT 


i 
120 


* 20u9% d,!-aldosterone on serosol side 
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For the 
water toads during the last hour of incubation, the 


came increasingly apparent with time. 


short-circuit current averaged 90.8 + 9.2 pa per 
3.14 cm? as compared with a mean value of 37.7 + 
3.5 pa per 3.14 cm? for the paired control half- 
(p < 0.001). With the 
mean values were 42.6 + 8.5 pa per 3.14 cm* and 
19.9 

0.02). 


by aldosterone of active sodium transport across 


bladders saline toads 
3.6 pa per 3.14 cm*, respectively (p< 


Relatively and absolutely, the stimulation 


the toad bladder was more marked in the case of 
the water toads. Therefore, water toads were used 
for all subsequent studies. 

IXxperiments with paired bladder halves were 
carried out to minimize the variability of the aldo- 
sterone effect on active sodium transport by the 
isolated bladder from toad to toad. In addition, 
each membrane was used as its own control by 
expressing the short-circuit current during the 
third hour of incubation, when the effect of aldo- 
sterone was quite pronounced, relative to the short- 
circuit current during the first hour of incubation, 
prior to a discernible hormonal effect. This form 
of presentation of the results seems justifiable be- 
cause of the absence of a close correlation between 


sodium transport activity during the first hour of 


DISTILLED WATER 
+> 
ALDOSTERONE * 


SALINE 
. 
—@ ALDOSTERONE * 
~*~ DISTILLED WATER 
~~ SALINE 


| 
240 


TIME (Min.) 


Fic. 1. 


ACROSS THE TOAD BLADDER in vitro. 


STIMULATION BY 


branes. 


and the corresponding half served as control. 


ALDOSTERONE OF 


ACTIVE SODIUM TRANSPORT 


Experiments performed on paired mem- 
The serosal surface of one bladder half was exposed to aldosterone 


Eight toads had been main- 


tained in distilled water, eight in saline, prior to these incubations. 





-DOSTERONE AND ACTIVE SODIUM 


TRANSPORT 


rABLE I 


Water, sodium, 


potassium, and chloride content of toad bladder tissue afte) 


Stimutiaiton 


of sodium transport by aldosterone in vitro * 


Water 


ul /100 mg 

dry residue 
Control tissue 381.6 + 10.2 
issue exposed 


to aldosterone 367.7 + 14.3 


Control tissue 
lissue exposed 
to aldosterone 


* Means + standard error of the means (SEM); 
differences is significant below the 40°% level. 


each 


incubation and the spontaneous changes in so- 
dium transport activity from the first to the third 
hour (R = 0.58 for 98 untreated membranes ). 

2. After the incubation just described, bladder 
tissue was analyzed for water, sodium, potassium, 
and chloride contents. Values were grouped ac- 
cording to the experimental conditions in vitro 
(Table 1). 


to aldosterone transported more than twice as 


Although the half-bladders exposed 


much sodium as their paired controls in the hour 
preceding the end of the incubation, no significant 
difference was detectable in tissue water and 
electrolyte composition. 

3. The validity of the short-circuit current as a 
quantitative expression of net sodium transport 
during stimulation of the half-bladders by aldo- 
sterone in vitro was examined in another series 
of experiments. Bidirectional sodium flux de- 
terminations were carried out for five consecutive 
periods of 30 minutes across eight short-circuited 
toad bladders, the serosal surface of which was ex- 
ee et 


2. M d-aldosterone. From the 
results summarized in Table II, it is apparent that 


posed to 


rTABLE 


Agreement between net sodium transport and short-circuit current measu 


Sodium 


107. 


108.. 


alue represents the mean of 16 determinations; 


Potassium Chloride 


pwEgq/g dry residu 
299.8 + 12.3 


366.3 + 


291.0 + 11.6 366.0 


wale 
) 


pEq/g tissue 
19.24 


2 / 


96.7 


80.54 4.1 100.0 


of the 


1oOneE 


the assumption is valid. The agreement between 


both types of measurement was as good during 
the entire period of aldosterone effect, from minute 
60 on, as during the period of steady state (stable 
short-circuit current) extending through the last 
hour of incubation. 
1 


idS 


The mean ratios given in the 
t column of Table II are an expression of this 
agreement for the individual 30-minute periods. 
4. The stimulation of active sodium transport 
under the influence of aldosterone requires the 
expenditure of additional energy by the cells con- 
cerned. Leaf and Dempsey (13) have shown 
that increased glycolysis is associated with a stimu- 
lation of sodium transport after addition of vaso- 
pressin to the preparation under aerobic condi- 
tions. Glycogen was therefore measured in 15 
pairs of pooled membranes, each pool containing 
4 to 8 toad half-bladders. [1] 


there was a decrease in tissue glycogen concen- 


\s seen in Table 


tration in eight of nine paired experiments for 
which sodium transport was known to have been 
IQ? 


stimulated by aldosterone. For Experiment 


such a stimulation was merely assumed. 


II 


ements 


isolated toad bladder exposed to aldosterone 


Periods of 
observation 


Minutes of 30 min 


Total 
60 to 210 39 Ti 
During steady state 


150 to 210 16 


Observed 


= 


79.8 + 4.1 


Short-circuit current 
(ya/ 3.14 cm? +SEM) Ratio derived 
observed 


¢ +SEM) 


Derived from 
sedium flux* 


3.24 71.3 + 5.48 98.4 + 5. 


Pe) 


80.6 + 8.7 100.7 + 8.4 


* A current of 1 wa is generated by a net flux of 1.865 K 10-2 wEq sodium per 30 minutes. 
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TABLE III 


Tissue glycogen content of the toad bladder after 
exposure to aldosterone in vitro * 


Pool no Control + Aldosterone 
\. Stimulation of sodium 


transport bv aldosterone 


589.7 580.2 
636.4 543.8 
890.0 633.1 
569.1 
562.3 
671.6 


190 
210 
230 
260 
240 
270 
112 
280 
290 
292 


Mean 


Mean difference+SE mean difference : 
82.4 + 36.4 (p < 0.05 


No stimulation of sodium 
transport by aldosterone 


488.3 539.8 
393.4 419.9 
297.6 336.7 
351.5 344.7 
221.0 210.5 


B. 


130 
140 
310 
330 
120 


Mean 


2 


350.4 370.3 


Mean difference + SE mean difference: 
+ 199 + 8.0 (p > 0.05 


* ug /100 mg wet tissue weight. 


the metabolism 


of the preparation is linked to the hormonal stimu- 


The action of aldosterone on 
lation of active sodium transport. This is demon- 
strated in the second part of Table II] by the ab- 
sence of change in tissue glycogen concentration 
when sodium transport was not influenced by 
aldosterone—owing to concentrations of hormone 
insufficient to bring about a stimulation of sodium 


TABLI 


Stimulation of active sodium transport by the isolated toad bladde: 


transport; to the presence of spirolactone that in- 
hibited the effect of aldosterone on sodium trans 
port (14) ; or to incubation of the membrane in a 
potassium-free medium in which no sodium trans 
port takes place. 

5. An 


whether there is a quantitative relationship §be- 


attempt has been made to establish 
tween the extent of the stimulation of active so- 
dium transport by aldosterone and the concentra- 
tion of the latter in the fluid bathing the serosal 
surface of the membrane. The results of this study 
are presented in Table IV. An adequate ap 
praisal of such relationship is hampered by the 
variable activity of sodium transport across the 
No effect of 


de- 


toad bladder, as already mentiqned. 


aldosterone on sodium transport could be 
tected with a concentration of hormone of 1.4 x 
10-7 M even when the values were compared with 
those obtained with the paired controls (eight ex- 
periments). On the other hand, in paired experi- 
ments a stimulation of sodium transport was no- 
ticeable with a concentration of 2.0 x 10° M d-al 
dosterone. With larger concentrations there was 
generally a greater effect on sodium transport. 
The duration of the latent period, approximately 
1 hour, was not influenced by these changes in 
hormone concentration. 

6. The responsiveness of active sodium trans- 
port to aldosterone im vitro appears to be 


pendent upon the preconditioning of the toad. 


de- 


It has already been mentioned that the response of 
the isolated toad bladder to aldosterone in vitro 


was smaller with saline toads than with water 


Plasma aldosterone concentration is lower 


When the 


toads 


in the saline than in water toads (11). 


I\ 


as a 


function of the concentration of aldosterone 


Short~ 


First hour 


56.26 + 


Control 
iM 40. 
80... 
54. 
41. 
62. 
41. 
600.. 
30.6 
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ALDOSTERONE AND ACTIVE SODIUM TRANSPORT 


rTABLE V 


Effect of aldosterone on active sodium transport by the isolated toad bladder; influence of the 
state of the process prior to experimental treatment 


Signif. of 

difference 

between 

Short-circuit current (wa/3.14 cm? Increase, first control 
means +SEM to third hr and treate 

+ propagated paired 


Preparatior : First hour Third hour SEM mem branes 


Saline, 5 days is 49.34 6.2 30.6 & §.! 54.4 + 21. 
p >0.2 


48.44 5.:! 48.12 8.. 81.3 + 20.7 
Distilled water, 3 days ; 42.02 2. 47.9 3: 113.7 + 9. 


39.74 3.3 5+ 7.3 220.6 + 12 
Distilled water, 3 days ; 148.1 + 7. * Be 1180+ 7 
inject. aldosterone 
24 and 4 hours before 
sacrifice 


136.0 + 13.: 50.7 ze 121.8 + 10 


Distilled water, 5 days Cc 108.6 + 10.7 100.0 + 6. 95.5 


daily injec. deoxy- 
corticosterone A 119.4 + 8.9 100.0 = 5 90.8 


*C = control half-bladders. A = paired half-bladders; serosal surface was exposed to frog Ringer solution con- 
taining 2.8 & 1077 M d-aldosterone. 


activity of sodium transport by the bladder was same observation was made after injection of de- 
enhanced by injection of aldosterone into water oxycorticosterone acetate daily for 5 days, which 
toads the day prior to the incubations, an effect also results in a conspicuous increase of sodium 
of aldosterone added to the membrane in vitro transport by the preparation, as shown at the bot- 


could no longer be demonstrated (Table V). The tom of the first column of Table V. 


aa ghee 
| 


225+ 


7 VASOPRESSIN 
oe 2x!0 M d-Aldosterone 


@---0 Control paired membranes 





150}- 


SHORT- CIRCUIT CURRENT(pAmp/3.14cm2) 


| ! ! ! 
120 150 180 190 200 





MINUTES 


Fic. 2. THIS SERIES OF NINE PAIRED EXPERIMENTS ILLUSTRATES THE AD- 


DITIVE CHARACTER OF THE RESPONSE OF NET SODIUM TRANSPORT TO ALDOSTERONE 


AND TO VASOPRESSIN. 
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7. Under the influence of aldosterone, the trans- 
membrane potential increased almost proportion- 
ately to the hormonal effect on active sodium trans- 
port. Indeed, in 50 experiments the mean elec- 
tric resistance of the untreated bladder half was 
441 + 15.8 ohms per 3.14 cm? during the first 
hour of incubation, and 454 + 14.8 ohms per 3.14 
cm* during the third hour. For the paired mem- 
branes exposed to aldosterone, the values averaged 
414 + 14.5 


respectively. 


and 393 + 12.5 ohms per 3.14 cm*, 

8. Active sodium transport by membranes stim- 
ulated by aldosterone still exhibited the usual re- 
sponsiveness to vasopressin. When aldosterone 
was used in nine paired experiments at a con- 
centration of 2 x 10° M, the short-circuit current 
during the third hour of incubation averaged 90.9 

5.9 wa per 3.14 cm? for the control half-bladders, 
rising to a mean of 189.9 wa during the 20-minute 
For 
the paired half-bladders exposed to aldosterone, 
117.8 + 6.6 and 211.1 pa 


per 3.14 cm?*, respectively (Figure 2). Thus the 


period that followed addition of vasopressin. 


the mean values were 


increase of short-circuit current was almost ex- 
actly the same for both groups of bladder halves. 
The additive character of the response of sodium 
transport to vasopressin and aldosterone has al- 
ready been noticed after stimulation of sodium 


transport by injection of aldosterone into toads 


(11). When sodium transport was stimulated by 


injection of sodium-retaining steroid into water 
toads, a brisk response of sodium transport was 
still obtained after addition of vasopressin, even 
though these membranes no longer responded to 
aldosterone in vitro (Table V). 

9. In 12 paired experiments deoxycorticoste- 


TABLE VI 
influence of de oxycorticosterone on active sodium 
transport across the toad bladder in vitro 


Short-circuit current 
pa/3.14 cm?) 
means +SEM 


Increase, 
first to 
third hr 
‘> propa 


gated SEM) 


First Third 
hour hour 


c* 35.44+3.4 168.2 +13.4 


DOC 33.9428 159.0411.9 


*C =control half-biadders. DOC =paired half-bladders whose sero 
sal surface was exposed to frog Ringer solution containing 2.0 X10 
M deoxycorticosterone in 6 experiments and 4.0 X10-5 M deoxycotico 
sterone in 6 experiments. 
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rone was added to the solution bathing the serosal 
surface of the toad bladder in concentrations of 
2.0 and 4.0 x 10° M in 0.1 per cent ethanol (vol, 
vol). Although the latter are 200 times higher 
than effective concentrations of aldosterone, no 
effect on sodium transport could be observed de 
spite an incubation lasting more than 4 hours 
(Table V1). 


dissolve deoxycorticosterone do not modify the 


The amounts of ethanol used to 
responsiveness of the preparation toward aldo- 
sterone. 


DISCUSSION 


that active sodium 


stimulated by 


These results demonstrate 


transport can be aldosterone in 


vitro. Concentrations of hormone less than seven 
times those found in the circulating blood of toads 
maintained in distilled water (11) were sufficient 
to elicit a significant elevation of the short-cir 
cuit current. The latter was shown to represent 
net sodium transport quantitatively. The equiva 


lence between net sodium transport and_short- 


circuit current discovered by Ussing and 
Zerahn with the isolated frog skin (10), and it 


applies to the toad bladder preparation under 


Was 


baseline conditions (9) as well as after addition of 
vasopressin (13). 

Active sodium transport requires the expendi- 
ture of metabolic energy by the cells concerned. 
Leaf, Dempsey, Page and Anderson have shown 
that, in the toad bladder, glycolysis represents a 
source of energy used for sodium transport (13, 
15). The observed increase in glycolysis re- 
sulting from the stimulation of sodium transport 
by aldosterone was therefore not surprising. 

The mode and exact site of action of aldosterone 
on sodium transport are not elucidated. A stimu- 
lation of sodium transport by the hormone was 
not accompanied by measurable changes in blad- 
der tissue water, sodium, potassium, or chloride 
concentrations. Such negative observations have 
been made previously in studies of the toad bladder 
(11) and of rat kidney slices (16). Changes in 
the activity of sodium transport across specialized 
cells, such as the mucosal cells of the toad bladder 
and the cells of the renal tubule, need not be re- 
flected in gross alterations of their ionic composi- 
tion. Measurements of the intracellular sodium 
pool concerned with sodium transport would un- 
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doubtedly provide more meaningful information 
Ci? ). 
for instance, the active process is represented by 


On the other hand, in resting muscle cells, 


an extrusion of sodium that balances the passive 
penetration of this ion across the cell membrane. 
After injection of aldosterone into mice, muscle 
sodium was actually decreased (18), presumably 
as the result of stimulation of the active process 
responsible for sodium extrusion. 

Despite the variable pattern of sodium trans- 
port from one membrane to the other, as a rule 
an increased degree of stimulation of sodium trans- 
port resulted from incubation of the toad bladder 
with increasing concentrations of aldosterone. 
This was to be expected, since such a relationship 
forms the basis for measurement of aldosterone by 
bioassay (19-22). It is noteworthy that, as was 
the case with the toad bladder, the bioassay data 
failed to demonstrate a shortening of the latent 
period between administration of the steroid and 
the onset of sodium retention when larger amounts 
of aldosterone were used. This constitutes a 
strong argument that the latent period is not 
merely due to a slow build-up of the appropriate 
hormone concentration within the cell. A possi- 
bility is that aldosterone stimulates the synthesis 
of a substance involved in active sodium trans- 
port. This would explain the latent period and 
the dependency of the aldosterone action in vitro 
on the underlying activity of the sodium transport 


process as influenced by aldosterone secreted by 


or injected into the toad. Aldosterone in vitro 
had little effect on sodium transport when the 
adrenal secretion of aldosterone was low (saline 
toads). Immersion in distilled water, which re- 
sults in a stimulation of the endogenous secretion 
of aldosterone, increased the responsiveness of the 
toad bladuer to aldosterone in vitro. But, if so- 
dium transport by the membrane was stimulated 
further, by a combination of a distilled water habi- 
tat and injection of a sodium-retaining steroid, 
aldosterone was devoid of measurable effect on 
sodium transport in vitro. Such observations con- 
firm the studies made in vivo (11) and suggest 
that the hormone exerts its influence on a rate- 
limiting process. 

The stimulation of sodium transport upon addi- 
tion of vasopressin is added to that of aldosterone, 


and it is still demonstrable when aldosterone in 


ACTIVE SODIUM TRANSPORT 
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vitro fails to influence sodium transport. Such 
independence suggests that the mechanism of ac- 
tion of both hormones on active sodium transport 
is different. 

The complete lack of effect of deoxycortico- 
sterone on sodium transport by the toad bladder 
in vitro merely confirms negative results obtained 
in the past with the isolated frog skin (23, 24). 
This ineffectiveness is intriguing because injection 
of the steroid into the toad brought about a large 
stimulation of sodium transport by the membrane, 
Table V. 


In the case of the toad urinary bladder, active 


as shown in 


sodium reabsorption, whether stimulated by al- 
dosterone or nct, is not linked to any measurable 
extent to potassium or hydrogen secretion, as in- 
dicated by the agreement between sodium flux 
and short-circuit current measurements. It is 
tempting to assume that, in the mammalian ne- 
phron also, aldosterone exerts its influence pri- 
marily upon active sodium transport. The in- 
creased secretion of potassium and hydrogen ions 
by the distal portion of the renal tubule after ad 
ministration of aldosterone (6) could then be re 
garded as a mere consequence of the increased 
transtubular potential generated by the hormonal 
stimulation of sodium transport. The transmem 
brane potential of the toad bladder was higher 
when sodium transport was stimulated by aldo- 
sterone. In rats likewise, the distal transtubular 
potential is elevated during sodium depletion (25), 
a situation producing a hypersecretion of aldo 


sterone by the adrenal cortex (6). 
SUMMARY 


Active sodium transport by the isolated toad 
bladder was stimulated by aldosterone used in 
10-7 M, in 
stimulation 


vitro at concentrations of 2.0 to 25> 
frog Ringer solution. This became 
apparent after a latent period of approximately 1 
hour, and it was accompanied by an increase in the 
transmembrane potential. The effect of the steroid 
hormone on sodium transport was a function of its 
concentration as well as of the state of the animal 
prior to the experiments. 

The stimulation of sodium transport under the 
influence of aldosterone was associated with an in- 
creased glycolysis. It did not modify the respon- 


siveness of the preparation to vasopressin. 
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NOW OVER 18,000 


CHEMICALS 


@ Samarium Oxide 

@ Scandium Sulfate 

®@ Scillaren 

@ Scopoletin 

®@ Scopolin 

@ Selenium Sulfide 

® Selenium Tetrachloride 
®@ Serinol, dl 

@ Serylserine, dl 

@ Silicon Monosulfide 

@ Silicon Monoxide 

®@ Silicon Nitride 

@ Silver Arsenate 

®@ Silver Dichromate 

@ Silver Iodate 

@ Silver Mercuric Iodide 
@ Silver Proteinate 

@ Silver Telluride 

®@ Sodium p-Aminohippurate 


Ask for our new 
complete catalogue 


SLaboratoruses, Inc. 


17 West 60th St., New York 23, New York 
Plaza 7-817] 








WANTED 


Back Issues of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


January, May, June, July, (Pt. I), 
September, through December, 
1955 
February, July, August, Sept., and 
November, 1959 
February and October, 1960 
75¢ per copy and postage 
For particulars about mailing write to 
The Journal of Clinical 
Investigation 
Business Office 


333 Cedar Street 
New Haven 11, Conn. 








J.C.l. SUPPLEMENTS 
Order while still available 

Symposium on Malaria 

May, 1948, Part II $2.00 
Symposium on Antibiotics 

September, 1949, Part I $2.00 
Symposium on Radioactive Isotopes 

November, 1949, Part I $2.00 
Treatment of Acute Infectious Hep- 
atitis 

July, 1955, Part II $1.50 
The Renal Lesion in Epidemic 
Hemorrhagic Fever 

January, 1957, Part II $1.50 
Metabolic Studies in Paralytic 
Acute Anterior Poliomyelitis 

June, 1957, Part II $1.50 

* * * * * 

Studies on Influenza in the 1957- 
1958 Pandemic 

January, 1959, Part II $1.50 
History of the A.S.C.I. 

October, 1959, Pt. II $1.50 


Order through the Business Office of 


THE JOURNAL OF CLINICAL INVESTIGATION 
333 Cedar Street New Haven 11, Conn. 

















REVUE FRANCAISE D’ETUDES 
CLiINIQUES ET BIOLOGIQUES 


November, 1961 
Vol. VI, No. 9 
Editorial 
A Propos de l’Exploration Fonctionnelle du Foie. KR. FAuvERT. 


Original Articles 
Etudes sur la Nature d’Une Pyroglobuline Serique Observee au Cours du Myelome. J.-M. Finer, J 
DorMONT, J.-PH. MErRy, R. CREYSSEL et J. GROULADE. 
Effets, Chez |’Enfant, d’Une Lipido-Privation Prolongee. J. Kry, J. PoLoNnovski, D. Barb, J. FREzaI 
et M. Lamy. 


Mesure des Temps de Circulation Chez 79 Myopathes. Etude Statistique des Resultats. Role du 
Degre de |’Atteinte Musculaire Clinique, du Mode Evolutif, de la Maladie, du Sexe du Malade, des 
Saisons. |. DEMos 


Traitement du Saturnisme Experimental de Lapin par |’Acide Adenosine-5-Monophosphorique. Action 
sur les Troubles Metaboliques des Porphyrines et sur l’Anemie. A. Gajypos, M. Gaypos-TOROK et 
G. DANIEL. 


Original Notes 


Action Oncogene du Methylcholanthrene Per Os; Associe ala Greffe d’Hypophyse Chez les Souris XVII/G. 
G. Rupa, L. JULIARD et M. J. VALTIER 


Polyglobulie Survenue au Cours de l’Evolution d’Une Uremie Chronique Avec Atrophie Renale. Etude 
Isotopique de l’Erythropoiese. G. RicHet, R. ARpAILLOU, Y. NAJEAN et J.-PH. MEry. 


Effet du Phenethyl (D.B.I.) sur la Glycemie a Jeun et le Coefficient d’Assimilation Glucidique du Rat 
Normal en Traitement Chronique. E. BALASsE. 


Effet Diuretique du su 4885, Inhibiteur da la 11 b-Hydroxylation dans le Cortex Surrenal. FE. Lenaca, 
\. TrrzMaLis, J. Gossart et P. Duez. 


Influence Immediate d’un Analeptique Respiratoire (Rec 7-0267) sur le Travail Mecanique Ventilatoire 
Pendant |’Anesthesie au Pentothal Sodique. J.-M. Petit, J. SENTERRE, J. TROQUET, J]. MELON. G. MILIc- 
EMILi et M. RADERMOCKER. 


La Consommation de la Globuline Antihemophilique et le Developpement du Pouvoir Thromboplastino- 
accelerateur dans le Melange Plasma Adsorbe-Serum Recalcifie. G. MAyer, S. MAYER et R. Waitz 


Mecanisme de |’Effet Retard de l’Hydroxocobalamie. G. MILHAUD 
Les Chromosomes des Cellules de Souche HeLa et Hep 2. J. pe Grovucny et S. Corrin. 


Rapports Entre la Vitesse de Sedimentation Globulaire et l’Agregation Jn Vivo des Hematies Observee au 
Niveau des Vaisseaux de la Conjonctive Bulbaire. Ci. Lapram et H. Lestrapet. 


General Review 
La Reaction de Fixation du Complement en Virologie. G.-L. DaGvet. 


Technical Note 
Methode Micrometrique de Dosage du Lactate Sanguin. J. CHAGNON, J. JENNDET et H. LesTRADET. 


Subscription rate, $19.00 


Special rate for interns and residents, $13.00 


EDITIONS MEDICALES FLAMMARION, 22, rue de Vaugirard, PARIS 6eme. France. 














NUCLEAR INSTRUMENTS 


This Gamma Spectrometer Ends “Dark Current” Defect; Provides 
Direct Peak Comparison and Better Resolution from 1 kev to 6 mev. 


The NMC Model GSS-1 gamma spectrom- 
eter combines in one chassis a regulated 
high voltage supply as a part of the count- 
ing ratemeter autoscan system... all-tran- 
sistorized probe amplifier and spectrometer 
circuits . . . and either solid or well-type 
crystals. It’s the only system that eliminates 
the “‘dark current” defect, analyzes emitters 
from 1 kev to around 6 mev, and permits 
direct peak comparison of emitters using 
Model GSS-1—$4,180* semi-automatic peak integration. Graph 
paper supplied is calibrated in mev. 


Actual Spectrograms Made with a GSS-1 
os as Be a HIGH > 
14K : + + + + +-].17 mev 4 — K | a 
HGH a Eh RESOLUTION a as nk - 
RESOLUTION — $j {| HERE =| & 
HERE 10 
ND | =e Vee 
“DARK x| |__| aaa ee es | | NO 
CURRENT’ bo | | || wil “DARK gy |_| 
DEFECT =| CURRENT” ——} 
HERE §=—-*)— | _]] ryt DEFECT =" Lew 
HERE 





Actual spectrogram of Cobalt-60 made with a Radium, after four runs over 20 hour period 
GSS-1 gamma spectrometer system. Window without instrument adjustment. Range 30,000 
No. 3. Time constant: 2 sec. C/M. Time constant: 3 sec. 


Detect and Measure a, 8 and Y Four Ways with This 3-Unit 
All-Purpose Laboratory—1...or1+2...o0or1+3...0r 1+2+3 


1 PROPORTIONAL COUNTING SYSTEM 
PC-3A—$1395.00* 


The only instrument that counts every alpha and beta 
emitted in a 2 pi angle from prepared samples. Pre- 
cisely separates absolute amounts of alpha and beta 
from any dry sample. Ideal for C-14, Ca-45, P-32 and 
H-3. Due to high yield, counting time may be reduced 
80% to 95%. High voltage and scaling systems operate 
with US-1 and WSC-1 shown below. 


RE raw. 


2 UNIVERSAL SHIELD ’ 3 WELL-TYPE COUNTER 
US-1A—$395.00* : WSC-1—$995.00* 


Detects gamma and beta-gamma : , Background less than 140 cpm. 
activity in prepared flat samples. . Z ex Detects low-level gamma activity 
Also accepts gamma scintillation “a in test tube and flat type samples. 
detector, mylar window GM flow y All-transistorized amplifier. Works 
detector, and strip chromatograph : with any scaler. Operates with the 
scanner. Operates with PC-3A. os PC-3A. 


*ALL PRICES FOB, INDIANAPOL'S 
For Full Details, Write, Wire...or Phone Collect—LIiberty 6-2415 


Nuclear Measurements Corp. ‘TT Te 
5967 East 25th Street + Indianapolis 18, Indiana 


International Office: 13 E. 40th Street, New York 16, N.Y. teagapaga i 








SIMPLASTIN is the thromboplastin reagent that 
80% of , 8 


gives “best reproducibility”! of results. 


Clinical Laboratories 2. Lowered burden on laboratories. For depend- 


ability and ease in handling, laboratory directors 


Agree — select SIMPLASTIN, a quality controlled freeze- 


dried thromboplastin extract. Already combined 


2 & ‘ ; aa 
with calcium, it is prepared for use merely by 
; a v a rr adding distilled water. 


3. Guaranteed controls for pH, ionic strength, 
Here are some of the major reasons for — suspended solids, particle size, moisture and sta- 
SIMPLASTIN’s use in 21,384,000 determinations — bility in varying temperatures. 
of prothrombin time during 1960: 


4. Contains no preservative or artificial acceler- 
1. Assured reproducible results. 80% of clinical ators for prothrombin activation, as are found in 
laboratories agree —by routine use—that liquid preparations. 


a t 
A bit 





order Simplastin today, your safeguard of dependable results 


GENERAL DIAGNOSTICS DIVISION WARNER-CHILCOTT Olv. MORRIS PLAINS. N.J 


1. Carey, L. C. and Williams, R. D.: Ann. Surg. 1752:919, 1960. 2. Cronin, M. T. I. and Offenkrantz, EF M.: Am. J. Clin. Path. 34:346, 1960. 
3. Dinon, L. R. and Vander Veer, J. B.: Am. Heart J. 60:6, 1960. 4. Kirk, J. E.: 14th Meeting: Council on Atherosclerosis of the American 
Heart Association, St. Louis. October, 1960. 5. Lewis, J. H.: J. Lab. & Clin. Med. 55:245, 1960. 6. Matschiner, J. T. and Doisy, E. A. Jr.: 
Federation Proceeding 44th Annual Meeting, Chicago, Ill. April, 1960. 7. McGovern, J. J., Bunker, J. P, Goldstein, R. and Estes, J. W:: 
J.A.M.A. 175:1011, 1961. 8. Messinger, W. J. and Weiner, M.: AMA Arch. Int. Med. /05:727, 1960. 9. Perry, Seymour: AMA Arch. Int. 
Med. /05:921, 1960. 10. Phillips, G. E., Luddecke, H. F., Breuchard, J. S. and Lenahan, J. G.: J. Lab. & Clin. Med. 56:659, 1960. 11. Ruben- 
stein, E. and Lack, A.: J. Appl. Physiol. 75:598, 1960. 12. Smith, R., Rodman, T. and Pastor, B. H.: J.A.M.A. 174:1917, 1960. 13. VieHi, T. J., 
Murphy, T. P, James, J. A. and Pritchard, J. A.: J. Pediat. 56:343, 1960. 14. Weiner, M. and Messinger, W. J.: J. Lab. & Clin. Med. 56:780, 
1960. 15. Wilson, J. S.: Surgery. 48:469, 1960. 








